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TECHNICAL REPORT R-92

AN INVESTIGATION OF THE EFFECT OF HIGH TEMPERATURE

SCHUMANN-RUNGE ULTRAVIOLET ABSORPTION

CONTINUUM OF OXYGEN I

By JOIIN _. EVANS ttnd CIIARLES J. NClIEXXAYI)EIt, Jr.

ON THE

SUMMARY

,1 lh,eoretieal and e,rper_mental il_pe,_'thjation, has

bee_t earrh_d out to determi_e the abso_Ttbm coefficient

q[ molecular o_:!igen at high. lemperalure. The
u'arele_gth range was ehr_xen to em,er the Sehamat_n,-

]gunge om tilt u um between 1,300 and 1,750 altgMrom

'units. The theoretical inpe,_tigatitm co_,ered temper-

atures.[rom 300 ° to 10,000 ° t,_. 7'he e.rperimental

_nre._'tigation. was earri, ed out in the ral_ge h',m ._,000 °

to 10,000 ° [C. All val_tes q[ the absorption eoef]ieient

[oun<t apply on.ly to <u'ygen j,," which the vibrational

degree o fjreedom, ix fully ea:eite<l.
Three types q/theoretical calculations were carried

out: (i) "rt_eetion" of the grouml-,_'tate ware.f_tne-

tiow_, by the pole;trial eutv,e.[or the e.reited state, (2)

calculation on an IILI[ 70/_ eleelrtm it: d_tta proee._',_.ing

machine of vibrational overlap integral\ with :lhm_e

eiffel_./uneti,ns bei_g used.for the ffrouml-state u,ave

fu1_etion._ and computed sohttion,_ of the NehrOdinger
e(luulion being uxed.for the excited-state ware June-

ti,m._', and (8)'use of a ._'impbfed.formula .top the

abx,rption, eoefieient .which is applicable (at lea._t in

principle) to all diatomie moleeulex at all tempera-

ture,_'. .In empirical eorreetion.for the _ariation of

eleetr(mic !ran\ilion probabilit!/ with internuclear

4ixtanee wa,_"also included and wa._.found to imprm_e

the agreeme_tt between theory and eaperiment.
The experimental invextigation was carried out

by using a 1-inch-diameter xhoel; tube to produce

high-temperature samples of ox!/gen, air, and a mi,r,-

lure of lO-percent o_:!t.qen in argon. The ab._.orptiol_

in a 1- by 3-millimeter beam of ultraciolet light was

recorded u,_" a .f,.zltctio_ qf time during the pa._._'uge

qf shock ware\.

The e.q_erimental meaxurements exhibited con-

siderable scatter, qthieh was attributed chiefly to
u_txteadine,_'x of the light x(mree. AYrerthele._u, the

general agreeme_d of measurement._" with calculations

was adeffuate to xhow that the method of ealeulatim_

is calid and that the magnitude and temperature

depemlenee q[ the theoretically determined coefficient

are exsentiully eorreet .for ,ma_,elengthu larger thu_

1,375 arty\from u_lit._', lieb)u, thix u'a_,ele_gth the

abso_Ttion eoeA_eie_t value\ given are extimatex ba._ed

on, a few e.r,perimental p, ints.

The meaxured ubsorptio_ coefficient! generally wax

larger in OS:llYe_-arg,m. mi.rDtrex than that predicted

by the.ry, u'hereax it was smaller i_t, pure oxygen.

73e discrepancy between theory and experiment could

not be accounted .for in the pure-o.rygen rexult.%

but it ,u'as lct_Tel!l rumored .for the ox!/gen-argot_

results" when the theoretical eoeffieient._' mere reeale_t-

luted oft the a._,xumpti,n, that only the grouml elee-

tron ie state qf the ozy.qe_t tmdeeule .was excited im-

mediate/!! behiml the ,_'hoek .front. Be._'t agreement

between theory and experiment .for the pure oxygen.

re._'ultx was obtained by retaining the original a._,.s.ump-

lion of complete electro,de excitation q/ox!tqe_ imme-

diately behiml the 8hoek J)'ont.

No ab,_o_Ttion coefficients were obtained.from the

texts made in air beeau.xe the adjustment of _itroye_

vibratio,_ .i_tterJered with the aeearale determimttion

of the .}_m_p in light intensity aerox._ the ._'hoek.h'ont.

Th,e air data are reported and dixeux._'ed, howeper,

beca use q/the light they throw tm the meaxurementx i_

oy,ygen aml in o.rygen-urgon mixtures.

The inform:_,lion in I his Ilal)er is |arlzely based on o, dissertation subniitted by].h)hn S.]Evans in l):_,rtial fnlfilhnent of t he r(qlllift!lntqlls for I h_! de_ret_ o[

Doctor of ]qfih:sol)h 5 in ]'h3sics, Vnivcrsity of Tennessee, Km)xville, q'enness('e, l)e,.'(,Inb_'r 11159.
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INTRODUCTION

The absorption coellicieut of a gas for light of

a given wavelength is commonly defined by tile
relation

J:J.e A., il)

where J and Jo are the transmitted and incident

intensities of the light, respectively, k is the a|)-

sorl)tiotl coefthqent per centimeter, and _l is the

thickness in centimeters of the absorbing gas

layer reduced to standard density. The absorp-
tion coetticient for a given _zas is a function of the

gas tt, ml)eraltnre and of the wavelengtll of the
light. Figure l is intetlded to illustrate the

general effect of these l)arameters on an absorp-

tion ('ontinuuln like that found fit oxygen. The

wavelength depeudetwe is such that the absorp-

tiott coefficient has a maxinlunt value at a par-

ticular waveh, ttgth an(l falls off to either side.
increasing the temI)erature has three effects:

(l) The magnitude of the peak decreases

(2) The position of the peak shifts to shorter

w_tvelengt hs

(3 The range over which absorption occurs

spreads out to })oth longer aml shorter

wavelengths

The oxygen cotltinuttm with which this report

as concertted has a peak betweett 1,400 and 1,500

angstrom units and at room temperature extemts
from I :_()0 to 1,750 angstrom units. ()he of the

40Or- /_° K

_3001 ' 2, O00°K

o

++
°
oc 200

I00_ /

i

O. [ L I I I 1 £ I

I,300 1,400 1,500 1,600 1,700 t,800

Wovelenqth, ongstrom units

Fl(+UnE 1.--AI)sorption coefficient of moh,ctflar oxygen.

Tyl)ical curves.

reasons for at, t,empting a quantitative evahlatiort

of the effect, of high l:emperature on this absorption

contitmtml is that tit(, absorption can bc used to
rollow rapid changes in the concentratiotl of

molectttar oxygen, such as those which occur in
fast ('!_emical reactions 1)e]lin<t shock waves.

Since the oxygen involved in these processes is at a

much higher temperature than that at which

presently existing measurements of the absorption

c.oeffici+nt were ma(Ic, knowledge of the tempera-

lure dependence of the absorptiotl coefficient is
needed+

Vahws of the absorption coefthqent measured at

room temperattwe are listed in references 1 to 6.

These data are shown in figure '2. The two curves

which +tlso appear in figure 2 are the results of two

theoretical calculations (refs. 7 and 8). ,':,tucckel-

t)erg's curve was calculated specifically for oxygen,

but the other curve is +tn application to oxygen of
a gerwral formula derive(I by Sulzer and Wieland

for caiculating the absorl)tiotl coetticient of a

(liatomJc gus at any teml)er_tture from a knowledge

of its tl)sorl)tion at 0 ° K mid its characteristic

vibrati)nal teml)eratttre. (/annie and Vaughan

(ref. 9) have t)ublislmd experimentally (leternfined

wdues it 1,470 angstrom units for temperatures Ul)

to 8 0(,0 ° It. Their measurements largely sub-
stantiat, e both the theoretical and experimental

results given herein. The slight difl'erences noted

+°°I
J

400[

'g !

_ '
;_5300!

B.

200,

<I

I

IOOi

OL

1,2(70

o Watonabe, Zelikof f,_. ond Inn (1953)
. u . E] Ditchburn and Heddle

./ _\ u9531
D. Cr'_ © Watonobe ond Marmo

_O_'_ n _ [1956)
<:'_P_Go \ \ ,5 Ladenburg ond

dPff q_, _X _ VanVoorhis(19331
_o_.._ t_ Schneider (1940)

/ o Byron,c.obb,ood

a o o -- Sulzer end W_elond (1952) °o_

<5 ---- Stueckelberg (1932) °Oo'_.-

oO
0 l i i I I 0 I

1,500 1,400 1,500 1,600 1,700 1,800

WGveJeng+h, onqslrom unds

FIGURE 2.--Absorption coefficient of n_oh,cuhtr oxygen;

tnea_tlrcd vltlllPs tit room t('lll|)(wtll Ill'( 2.
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are discussed in tile section entitled "Discussion

or Results."

The only olher results given in the literature

with which tile work ret)orted here could ])e

compared were those o!)tained t)y using the
formula of Sulzer and Wieland. In references 10

to 16 al)sorl)tion e.oeflh!ients ealeulate<l from this

formula agreed well wi{h measured wdues ror

chlorine, iodine, and bromine at teml)er'_tures up
to 2,00() ° K. Some lypieal curves and experi-

mental data from these papers are shown in

figures :'_ lllld 4.

In this report troth exI)erimentnl and theore{ieal

apl)roa('hes are made to the problem of determin-

ing the qbsorption coefficient of oxygen at high

temperature. High-temperalure oxygen was ob-

tained by means of the compression o(:curring in a

sho(,k wave passing througll oxygen contained in a
steel tube. Tim gas wtts heated to teml)eratm'es

in the range of 4,000 ° to 10,000 ° K in a time which

was short, compared with the instrumental resolv-

ing time of the or(Icy of a t'ew tenlhs of a micro-

second. Light intensity as a runetion ot' time was

displayed on an oscilloseol)e s('reen and t)hoto-

graphed.

-- Sulzer-Wieland
formula

i / o 291°K'LGibsonand

K

o 554 ° "fBoyliss'data
50 01,058 ° KJ

10

I [ I I

2,400 2,800 3,200 5,600 4,000 4,400

Wavelength, angstrom units

Fmvm_: 3.-.-Absorption coefficient of molecular chlorine.

1.0

,8

4'

Su_er-Wielond formuta

o Gibson and Baytiss

0 Bcloa, Aickin, and Bayliss

0 Sulzer and Wielond

1 I I I0 2 0 400 600 800 1,000 1,200 1,400
Temperature, °K

FIGURE &--Temperature dependence of absorption-curve

peaks.

In the theoretical approach three ealeuhttions

wore Illflde. They were:
(1) The reflection or (telt_ function method

(2) A more elal)orate eahmlation in which a

digital eoml)uter was used
(3) Sut)slitution into the formula of Sulzer and

WMand

SYMBOLS

/1_,, normalization factor for the Morse ei-

genfun(qions, [5(x_-'--2r"-- 1) (r") !/

a speed of sound, era/see
5 slope of potential curve for B(aE_,)

state at r. erg per angstrom unit

B_ spectroscopic constant, rotational fre-

quency, h/81recI_, cm -t

C1, (_, Ca, ('4 experimentally determined propor-
tionality constants (eqs. (8) and (11)

and appendix A)

c velocity of light, 2.9979X1W ° cm/sec

D, dissociation energy of the oxygen mole-
cule in the X(aZ_) state measured

front the minimum of the potential

curve, 42,048 em -1
d diameter of Rowland circle, equals

radius of curwttut'e of diffraction

grating, 39.888 cm (fig. 26)
E vibrational kinetic energy, erg

E* energy of absorl)e(t light quantum, by,

erg

_' energy of final state measured from dis-
satiation level or B(aZT,) state, erg

F normalization factor for 4' wave func-

tion, 241.89£nta571/6
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(;

9

D

]c

i

J

Jo

K

k

,4",,,(x)

X'T(x)

,4"+,(;)

mwr,Av of vibrnliomd levels referred to
r": 0 level as zero h,w,l, vm

mole t'raelion of oxygen in initial _Zas

mixture (for oxygen.. , g=l.00; for air,

g 0.21 for oxygen-_trgon, g ::(I.1007)
l'hin,'k's vonst,nl, 6.6253>_ 1¢)-27 el'K-see
,lit)Ill(HI| of inertia of the molecule,

J.tl++', __rFil I I I-("" 2

angle of incidence (fig. 26)

intensity of transmilted lighl, erg/vm _-
_IPC

intensity of incident light, erg/c'm_-sev

rotatioluil quantuni nu.nl])er

nl)sorption coetth'ient, cm-I

absorl)tion voetti('ient of moh,cuh,s in
r'" level as it fum'tion of X, em -I

al)sorl)tion ('oegIi('ienl of oxygen as a

function of wavelength at temperature

7'. cm t: kv(X)--_N,,,,('l')k,,,(X>

absorption coefficient of oxygen as a
('l[II('i, iOIl of ",,VI.tVO Iltl,llhOl' lit icH'll)(q'li--

iIll'(' T, ('111 'l

A

k,,, (x) -k,,, (x) k#_

A

/<'7,(x)_ _kT (x)//4'

A

,4'7+(_) -,4 r (v),h,

K'

I

Mn

,%,, (7')

P
Q+ v' '

,u.xi,nu,nvalue of kr(X) curve at ()° I(,

eqttals (essentially) peal+, value of k
lit roont tetnperalure, 400 (.m-i

nbsorptio,l{)tit},length,('i,,

sho,'k Xlllch tiunilwr, u,/'+li

diniensioniess vehwity of tlow }>(,hind

sho,'k, H il!(/I

weighting factor for _',...(X), repr(.selits

equilit)riuln popullilion of gl'Otllld-

state vii)rational levels. (l,k_ +) exp

((],., .Doils:T)

dilt'ravtio,_ order (fig. 2¢_)

pt'essure,dyne/toin_

.ssociated lmguerre lmlynoinial,

t'"

F(,, '-+"')_((--l)Jx,-Jexpl--j/J(, ' r,)t!
j=li

i.il(, .... .7)!I'(_,.-' 2,"' _:j)l

[i )

#'

_lS ('olistlilit per tlnil Iliiiss

({isllin<'e between OXVgell IliOlllS in oxy-

_ell liuil(q'llie iill_Sll'l)lil tuiils OF ('ill

S plii'titiOli fuiwChtn for vil)riitional h,v,,ls

of three lowesl elecll'OlliC slti¢t!s o['

OXX,'_OII,

X _exp( (;,,1,_+,_7')

,)

+_ Y_, i'xp -¢;,1,<+_7 ' )

+J+Z:
.'l

._, dis¢lili<+e I)etween lines on ,liffi'liclion

f£1'tililig, 1.6937<{ 10 _ Clii (ti;. 26)

7' I tqllpl'l'lit ill'e,o ]_.

u gas flow veh)city, Ciii/Se("

l" vil)l'iitiOllUi pOllelltiill ¢'li('l'_y, ('1' g

l_ vi|)rlitionlil qlllIIIl tllll II/IIllt)OF

x',,-- c0,x,/'.,,- ¢).0¢)76345

a:l, a:._ (lislan('es locntin; Oll¢l'lili('¢, Itllll exit slits,

respe('iively (fig. 96)

?I dislluice of enlrnnce and exit slils froni
nionociironiulor center line (fig. 26)

,h.gi'ee of <lissoci.t ion
j XIOI'S(' fllil('liOli COIISllilll for A'(:_E_ -)

stifle, lier itli_St rolii Illlil, {fl=4

((I.12177) (2o_+,x+.) I;2 2.39:_15 wits used

in ¢]le ('ah'uhiiiolis; howovol', j=

O.12177o_+(#x/D<)'re=2.ti544 is 1)('tler

for liIotting the whole Morse (qil'VO)

7 ratio of specitic ileil¢ Ill (>oIIstlillt pros-

suro to si)e('ili(_ henl. ,it (_OllSliilllb

vohlnio

e llng|e bet.woeil grl/ting ilOl'lllill illld lllOllO-

eiu'onnttor conlerline (fig. 2¢i)

.{" dilfrilction angle (fig. 26)

Enthldpy
r/ diinensionless entiui]py, jl_T -

(-I c]liu'lioteristic vil.u'ldioluil teliiI)Oi'ltltiI'O

for X(aET) stale, 2,260 ° ](

Boltznmnn's eoiistniit, 1.38()4_ 10 -'_

erg/deg

k wavelength of light, ai,gst l'Oili milts

/x reduced lllltSS of ()Xy_(ql IItOlll, 1.328_

10 -z_ gm

v frequency of absorbed liglil quluituni,
SO(,--1

_" WilVe lltllllbeF, l/X, Cll1-1

;,,, WitVe llUlilber t'OITeSpOll(iillg ¢o lllliXi-

liilllii of /_+_.,(}) ('ill're lit 0 ° K, 69,000
CIll -I
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A_0 natural half breadth of kr(_) curve at
0 ° l{ 6 481 ('Ill -1

p gas density, gram�era 3
redu('ed gas density, :]p/p_

o- density ratio aez'oss shock front, PH/Pt

4' norrnalized Morse vibralional wave fun(',-

tic. for .V(3_) state
tmnormalized vii)rational wave funelion

for B(3SS) state

f_ eh, etronie transition prol)ability for

X(sX_) _-/;(:"2; )

o:, spectroscopic constant of X(s_SE) slate,

vii)tailored frequency, 1,580.361 cnl -_

¢e_x_ sp(,etros('opie constant of N(3Z;) state
anharmonieityeorreetion, 12.0730cm -_

Subscript s :

I gas immediately in front of shock

II gas immediately 1)ehind sho('k

e minimum of vibrational potential curve
max maximum

,_ gas at 273.2 ° K and 1 atmosphere pres-

sure or turning point of vii)rational

ntotion in the 11('_'2_) state, as ap-
propriate

v vibrational qtmnttma number

Superscripts:

' upper state of Sehumann-Runge It'an-
sition, that is, the B(s',.;;) state

" lower slate of Schumant_-l:iunge tran-

sition, that is, the A'(:_2:_) state
a ilia a(tAe) electronic state of 02

1 "S," +b the b(._g) electronic state of 02

THEORETICAL CALCULATION OF ABSORPTION

COEFFICIENT

BACKGROUND MATERIAL

Discussion of molecular state transitions re-

sponsible for Schumann-Runge absorptmn, The

absorption continuum under study a(ljoins the
Schumann-Rtmge moh,eular 1)an(l system in oxy-

gen (discussed in ref. 17, p. 446) and is (hw. to the
same eh, etronic transition. Each electrotfie, stale

of a (liatomie moleeuh, has a characteristic t)oten-
tial energy associated with the vii)ration of the

nuch,i along the line joining their centers. The

vibrational potential energy curves for the five

known electronic states o1' the 02 molecule are

shown in figure 5. NIorse fun('tions ((liseussed

]n ref. 17, p. 101) were used; the constants were

obtained from referetwe 17 (p. 560) except for
636587---62--2

_5

g3
"5
o.

Q

_2

-I t I I

.5 ,.o ,Is zo 2.5 3:0
Distance between nuclei, angstrom units

FI(;(!RF, 5.--Vit)r,ttional potential energy of the oxygen

llloh'ctlIo.

the dissociation energy D. which was ol)/aine(l
from reference 18.

The three kinds of molecular energy which are

involved in the transitions responsit)le for the

Sehumann-Runge I)aml system are the electronic,

vibratiomd, and rotational energy changes. A
short discussion of each of these follows.

Electronic energy changes are represented t)y
vertical distances between the potential curves of

figure 5. The only transition I)etween the known

electronic states of oxygen which is allowed by

strict application of the seh, etion ruh,s (ref. 17,

p. 240) is the B(:_ZT,)(--X(s_x) transition which

gives rise to lhe Schumann-Runge 1)and system.

Since the select ion rules are not completely obeyed,

other transitions between these states do occur,
I)ut the absorption and emission due to them are
W(ql, k.

Some of t,he vil)ratiomtl energy h, vels of the

stales ave also shown in tigure 5. The individual

absorption bands of the Schumann-Runge system
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ape due to transilions which oPiginale ill one of

the vit)vational h'vels of the X(:_'-'(,) state and
ierndnate in one of lit(, vii)rational h, vels o1' lhe

]_(:_"T,) state. The al)soPption ('ontinuum is due

to the same transitions except tim! the Iinal state
lies above the dissociation limit o1' tilt, B state.

51ohwules which have al}soP1)ed light in the eon-

timmm immediately dissociate inIo one novm'd

:_1) and one excited _/) alom (ref. 17, p. 447).
In eh,('IPonic transitions there is no strict selection

rule for tit(, vil)rtttiomd ([uantuul nunlt)ev (ref.

17, p. 194).
Examination of lit(, individual 1}an{ls in a

molecular 1)'tnd system with a sl)eclroscope of

high resolving l)ower reveals a fit((, structure
whi{'h is nitvil)uted to l'Oialion of the ntolecuh,s.

]_'igttre 6 shows some of the rolalion:d levels
assoeialed with the ." 0 and P"-=lO vil)ration:d

levels of the N state of O_. The seh'eiion rules

fop rotational transitions (ref. 17, 1). 244) limi!

('lmng('s it( the rotational quanlutn numtler
1)etween E states 1t) AIC--±I. This limitation,

plus the fact that ih(, roialional energy h,vel

Sl)aeing is small compared wilh Ill(' spacing of
eh, elPonie and vii)rational levels, made it possible

to neglect the effeci of the ('lmnge in rot_Lliomd

ellel'.{..,r.v Oll lhe ('nit'trial(on of the at}SOPl}tion
eo(.Hi(,ient in Ill(, continuum.

Distribution of molecules over vibrational

states. At 0 ° K all Ill(, O: mol(,(,ules in _Lgiven

sample are in the r"'--0 level of the X stale. In
order lo cal('ulale the absorption ('oetticient at 0 °

K only transitions originating in /his lowest slate

need to be considel'ed. At high(q' iemperatuPes
transitions from (,x{dh,d vii)Pattered states have to

1)e taken into account. To do this the al)sorplion
coefficient was ('ah'tdaled for each (nit ial state as if

it were the only one and the overall absorption

coettltqent was found t)y adding lilt, ('oIitl'i|)tllions

front all tit{, slales. Numbers representing lhe

populalion of the initial levels under the assunq)-

(ion of vil)ralional equilil)rium were use(l ns

weighting factors. The (,xprt,ssion used for (ml-

('ulaiing lhe v,'t,igltling factors was

N,,.('l')=(1/,S') exp ( (._,,.hP/_T) (2)

wh eI'e
0

rv

S=Y], exp (--G,..hc,,_ 1 )+_, exp (-G:hc/KT)

+1_, exp (--G,:,hc/_7')

140 -{a) A:

9

120

8

_00

7
80

6

5

40-

4

EO-
5

2

0 ......... 0

(a) v"=O.

"7E
o

_60
W

(b)

........ 8

-- -- 7

........ 6

- 5

........ 4

5

..... 2

I
........ 0

(I}) _"'= 1(}.

F'l(;tm.: 6--1{ot_[Iional en(.rgy levels of P"=0andr" :10

vii)rat(trod levels of X slat, It': of oxygen, i)ashed lines

indict(t{ that tr,'msitions involving these levels do not

at)t)ear n lhe spectrum. (Term vahw=li_,,K(K_-l),

'.A'h,{'I'(! ]'u: 1.4;'_8 {?Ill I fill(| /il0 1.2,_;(1 {'|1| 1 )

G,,,,--en( I'gy o1' c" lev(q (t'eferred to c"--(} as the

Zel'O le_('l), em-_; G,,,,,,,=energy (If _¢,,0 h,vel

(refePre{l to r"--0 as tile zePo h'vel), cm-h

Not(' that vil)ratiomd hw(,ls of lit(, a(_Ae) an<I

b(IE_) ,,tates were included in lhe paPtition
t'tmt'lion _%'. Al)sorplion of light I)v these states

is negli_.ible and it is not necessary to consider

then( in {'ah'ulating the overall coeilieient, {'x(_ei)t

for theil al}l}earanee in the i)artilion function.

Evide _{'e will 1)e oiled for believing that, while

the a an_l b states are excited imme(tiately behind

_L shock wave in oxygen, they ape nob excited

behind :[ shock wave in oxygen-aPgon mixtures.

Figure 7 shows the S(T) values at)i}rot)riate to
ea('h of these aSSUlnt)tions.
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Fmvm,: 7.--Vihratiomd. partition function for oxygen.

Th(, (,(luilil)rimn i)olmlalion of tlw vii)rational

h'v('ls of the X, a, and b states is shown in figure

8 for 5,000 ° _l,n(l 10,00() ° I_.. The l)Ol)ulalion of
lh(, rotaliomd slates of lh(, _"' 0 aml _"' 10

levels of the .V stale is shown for the same tent-

peratures in figure 9.

The Franck-Condon principle. The absen('e o['

sel(,(qion rules for vit)ratio,ml (lUnntuln mmll)(,r

chan_r(,s occm'ring in (,h'('lroni(' transitions has

alr('adS t)('(,n m('nlion(,d. Th(' ol)s_,rv(,d intensity
distributions nr(, mh'quat(,ly (,xl)lnin(,d 1)v tit(,

1.0

______ oI ,)
-- >

5,

:,o,oooo.

o _N ,'/

z 32

0 4 8 12 16 20
Vibrotionol quantum number

IrmuR_ 8.--Relative population of vibrational levels.

8O

--v'=lO

_o _ ---- v":O

_zo

' I rl

0 20 40 60 80 I00
Rototionol quantum number

l:mlm,; 9. II(,lativ(,l)(q)ulalioll of rotational hw(,l_.

qunntm_ m_'('hn,i('nl formulntion of tlw Fran('k-

('omh)n ])rilwil)h, ((lis('us._e(I in r('f. 17, t). 199,

and in r('f. 19). The mnin idea in this ])rin('ipl(,

is thnl lh(' eh'('lrons move so r_q)i(lly ('oml)m'(,d
with lhu heavy mwh'i t]mt lh(, ])osilions m,l

vHoHli(,s o1' lh(' nm']('i m'e un('lmng(,d in ml (']('c-
lroni(' lr,msition. From the vi(,wl)oin! of ('lnssic_nl

m(,('hnni(.s the mu'h'i spend most of their lime

near the turning poinls of tit(' vil)raliomd motion,

wh('r(, they hnv(, zero v(,lo(.ily ']']ms the most

l)rol)al)](_ transitions are lhos(, for whiH_ , lurning
])(fin! of lIw upt)('r sial(' occurs nl l]w sam(, inler-

nu('h,m' dislmw(, ns n fuming point of lit(, lower

slaU,. In the quantum m('('hnni('al formuhflion

the transition 1)rol)nl)i]ity is I)rOl)orliomd to tim

of the vil)r_tliomd overla I) inlegral-/',iS([ Itll t'(_ 4, (r)g,
f

(r)dr, where 4Xr)is the vii)rational wave fun('tion
for tim lower sl_tt(, and ¢,(r) is lh(, viltr, liomd

wnv(' t'un('lio_ for the upper state. 1t' 4_(r) nnd
¢(r) are r(,i)h,'(,(I t)y delia functions ]o('ated at,

th(, tm'ning points, ih(, ('lassi('nl ]_ran('l_-('on(l(m
result is obtain(,d.

Th(, following (,Xl)r(,ssion for the nbsorplion

('o(,fli(qent is lms(,d on ('qualions given in r('l'('rem'e
17 (p]). 201 nn({ 383):

k_,,(X) (('onslant)((21':*k 2-t'_) (1" " (;I)

The fa('tor 1"2" is lit(' energy of lht, absorbed light

qllllll|(llll. The fn('tor l:is a normalization t'a('tor

for (h(' upl)('r-stnt(' wnve function ¢ arm is (h'lim,d

subsequently. The factor E is the energy of lhe

oxygen mole(nil(, in tlt(, fired slnle measured from
lit(, asymptote o1' the B(:_2) ('urve. This factor
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is not present in the expression for lhc al)sorption

coefficient for a discrete band t)ut does appear

in the corresponding expression for a continuum.

This is pointed out o11 pages 196 aml 202 of
reference 19, but is not ,nentioned in the (liseussion

of ('onlinuum absorption given on page 391 of
reference 17. The latter treatmetlt is not in

error, howl'vet, I)e('ausc lhe P,' factor cancels out

when the llot'malization of the _ function is
('onsidoved.

Tit(' factor L) is the transition probat)ility for the
electronic transition X(3Z_)_-B(SZ_,) and is cus-

tomarily assumed to l)ea constant. Theoretical
calculation of its variation with internuclear

distance is imp,'actical t)ceause the necessary ele('-

tronic wave functions are not known, but some

empirical treatments have been given (ref. 19, p.

208; refs. 20 and 21). Herzberg (ref. 17, p. 394)

points to the excellent quantitative agreement
often obtained between theory and experiment as

justification for neglecting this factor. Since

there is no reason why _ should be a function of

temperature, good agreement obtained between

theory and experiment at. room temperature can

be used as a criterion of the adequacy of the

assumption that it is constant. Conversely, by
assuming that any discrepancies present at room

temperature are (hie to this assmnption, the wu'ia-
lion of .q with internuclear distance can t)e calcu-

lated. The approach used here is to follow the

usual procedure of assuming that £ is constant

and then later to introduce an emt)irical correc-

tion factor based on a comparison of theory and

ext)erinwnt at roolu telnperature.

Discussion of effect of neglecting rotation of
molecules.--Equation (3) ignores the rotation of

the molecules. Tiffs is conullonlv done in order

to cut (1own Oil the labor of the eoml)utations and,

for molecules with deep potential wells, does not

lead to large errors. The following discussion of

the considerations involved is similar to one given
in reference 10.

For a rotating vii)rater centrifugal for('es are
acting on the nu(qei in addition to the usual re-

storing forces. The result is that the vibrational

motion takes l)laee under the influence of an ell'ec-

tire poh, ntial given by lhe equation (ref. 17,

p. 426)

l'_(r)=I'.(r)+(Bd',Vr2)K(K+l) (4)

where I':,(r) is the potential ('urve for the rotation-

less slate, B_ is the rotational constant h/87r2cL,

I£ is lh(' rotational quantum number, and [,, is

the noment of inertia of the moh,(_uh,. Figure
l0 shows some of these curves for the A" and B

states of oxygen.
NIo_t of the rotating molecuh,s in the 11 h)west

vibrational levels of the A" state have rotatiomll

(luuntctni numbers of the order of K:50 at it tem-

perature of 10,000 ° K. For the X state the mini-

mum of the effective potential curve as (,on|i)ared

with that of the rotationless state is shifted tip by

3,574 cm -a and to the right fl'om 1.207 to 1.220

angstrom units. At the left extremity of r values
used (r--l.08 angstrom units) the curve is shifted

up t>?: 4,514 (,tn -_ and at the right extremity

(r--1.32 angstrom units) it is shifted tip t)y 3,022

cm _. The net effect on the shape of the curve

when the upward shift of the minimum is sub-
traeted out is an upward shift of 940 em -_ at the

left extren|ity and a downward shift of 572 ('m -_

at the right extremity plus a shift to the right of

the minimum of 0.013 angstrom unit. The

vertical changes amount to about 2 l)ereent of tile

depth of the potential well and tile horizontal

shift ,ff the minimum to al)out 5 per(,ent of the

range of r values used. The effect on the B slate
is ahnost exactly the same. The left extremity is

raised by 4,516 ('m -_ (COml)are(t with 4,514 cm -_

for the X state) and the right extremity is raised

I)y 3,024 em -_ ((,Oml)are(t with 3,022 em -_ for tile

iIX,°4it
i

g4
2_

,b
,.j

0

-- K :50

..... K :0

-Range of r values used

77: z:,"

//7

I I I

2 3 4

Dislonce between nuclen, angstrom units

FI(_I RE 10.--Effect of rotation on 1)ol(mfial curves.
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X state). Tile mMtnum of tile B state (loes not

fall within tile range of r values used. The vibra-

tional energy eigenvalues and eigenfunctions are

functions of the shape of the potential and thus

are slightly different for each rotational state.

These differences were n('gle<'ted in using equation

(3), since only eigenfun(,tions for the rotationless

state were use(| in perfornfing the ('ahmlations.
It shouh| t)e pointed out that the efl'ects of

rotation on the potenlial curves were ('alculaled

for tile worst conditions being considered, that is,
at the highest temperature and a( the extreme

values of r. It is also imt)ortant (o note lhat,

since t>oth curves are aire(ged in almost exactly
the same way, the net distortion oJ' Ihe curves is

wlutt is really impor(ant and not the total energy

shifts. In view o[' (he fact thai the nctual l)oten-

tial curves are not ac('t|raie/y known, the ap])roxi-

nmtely 2-percent energy shifts are not ]mrlicuhtrly
serious, tIowever, the 5-per(!ent shift, in the

mininu|m of the lower curve may have ,n al)pr(.'.-

('table etl'e(q on the timtl results bet'ause it probably
shifts the peaks of the lower-state wave functions

by roughly ('oml)arat)le amouuts.

A small amount of uncertainty is introduced

into the energy change to tie associated with a

given transition when the rotational etlergy

changes are ignored. The change in therotaliomtl

quart/ran Ittl|llbel" ltltlSt, })e _ 1, which lllOllllS I}tltt

Iransilions (lilt'ering in energy by twi('e (he roia-
(iomd level Sl),cing in the Ul)l)er state are counted
1o I)(, the same. At, K 50 two rotatiomd level

sl)a('in_s in the I_ s(ate amount, to l(14 cm-L

This amou)_ts (o .])out 0.3 ])er(:en_ of a t,yl)i('al

total energy change in a Sclummnn-Runge
tt'nnsilion.

(?AL(_Ut.ATION OF ABSORPTION (;OEFFI(_IENT USING THE

t_EFLE(VI'ION OR I)I','LTA FUN(!TtON I'_IETtlOI)

Calculation of initial-state wave functions. -

The probh'|n ()f ('v_)Jua(ing tlt(, v.bs()rillion ('o(,IIi-

('it,hi w.,s r(,du('(,(l in ('que.(i()n (3) to the l)r()blcm

of integrating (hi, l)ro(lu(.t of the vil)ra, tiomd w_ve

fun('ti()ns ftw tlt(, initi_d and final s(at(,s. For the

('()nlinuum un,lt,v s(u(ly (h(, initia, l slal(,s ave

hound vibra(ional h'vels of (hi' _\'(:_'-;z) stall('. In

lhis ce[euh),lion lhey ere repres(mled by norn|,d-

ized Morse wave funclitms (refs. 22 and 23).

Th('s(' ere s()lutions (o S('hr6(lin(,(,r's_ , ('qmdiotl when

e Xl())'s(, I)O((,n(ial is used for lhe vibra,(iona,[

potential. The following equalions
statem(mls into mathematical form:

d2¢--S_2u .......... ' " l¢ 0>t_.,±-_l*:-, v')

l)Ut (h(,se

(5)

1""=/Lll -- e-a( .... >l" (6)

0>=E+:!;:.>.],.,,{,--:2(& ) exl)

1 t ) , ,

The somewlnt( siml)ler harmoni(, os('illalor wt_ve

functions (ref. 17, I). 76) could be us(,d, l)ut they
negh,ct, (he asymm(,try of the l)otential curve a,nd

this [ms an al)I)re('iable (,Ir(wt on (he higher vibra-
tional wave functions.

Figur(, l l ('Oral)ares the Morse l)otential ft)r the

N(:_'2_) state with (he Imrabolic 1)otenti&l (('orre-

sponding (() harmonic oscilla.(or w&ve fun(.lions)

and also wilh (he Dunhaln (v(,fs. 24 and 25), the

l lulburt-llirs('hfelder (r('f. 2(i), _m(l the l{ydl)erg-

l(l(,in-l{t,t,s (dis('uss(,(l in r(,fs. 27 anti 2S) l)ot('n-
tials. Ex('('l)t for th(, l)a,ra.l)olic ])ot('ntia, l the
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ll,grtq'lllOllt is ¢_Ol)d over till' range of r vahles neelh,([
(/' lJ)N 10 1._2 llltgslrolll uni{s). The Morse

potential was ('hoscn not only Iwcaus(, it al)p(,ars

to be a fairly /ood repr(,s¢,ntation of lilt, ,\" shl.te

polenlial but also I)(,('ause, ¢,xcept for the para-

bolic lmtentM, it is the only Otl(, mcnti¢med wl_i<'h
h, luls to s(duti(.ls uf lh(, S('hr61ti.ger eqlmlion in

closed form.
Substitution of delta functions for the final-

state wave functions. Fi)r the continuunt trader

study the tinalstatc lies ill a continuunl of energy
states above the ilisslwialion limit of tile l/(a_;)

state _/tld is rellr(,sentet] by a wave function which

near the turning point rcsend)les a, 1)ound-shde
wave functitm. Ilowevcr, as r al)l)roa('hes iniinity

lhe v+av(, ['un('tion does not vanish but becomes a

sire, ftuwtion, qs is apl)rt)l)riale for the wave func-

tion rel)resentin _ a ft'ec l)article. Good r(,sltlts

<'tin often bc obtained t)3+ rephwing this wave func-

tion I+y a delta functit)tl located at tilt, tunfing

point. This substitution is the basic aSSlUlq)tion

underlying the rcllt,('tion lnethod. Hcrzl)cr/ (rcf.

17, 1). 2()1) discusses wily this melllod works.

l{rielly, it is suc('essftd because tilt, main ('ontri-
button to tilt, ovcrlal) integral (,Oml,S fr(>tn lit(,

broad maximunt near the ttu'ning I)<)int of the
limtl-stt_t(' wave hmction. Contributions from tilt,

otht, r maxinmnl+s and mininutms ten(| t(l('ant'el

each othl, r so long as the oscilhttion frl,(lut,n('y of

tit(' tinltl-stat(' wave ftmcti<m is large compltrel|

with tlt(' freqtlency of the initM-statc wave
ftuwtion.

Th(, N[t)rse, l)tmltant, IIulburt-Ilh'schre]d(w,

at+d Rydl)erg-l+{h'hl-l{ees i)otentials for tlt(, I_

state are shoI.Vtl ill tigure 12. Also shown are +l

nlnul)er oi' calculated points which in(lit'ate where

the l; state potential shouhl lie in order to give

llgl'l,elttetl[ bl, twcen till, al)sorl)tion ('ol,tlh'i(,nt

In'edicted 1)y the retlection nlethod +tilt| tlw ex-

lll,rintental daht I)oints sllown ill figure 2. The

l)roct,dttre us(,d to obtain these points is (h,s('ribed

in al)l)en(lix +x.
The tlgreement anlong thl, iln'ee clirvt,s is liar

good. The data l)oints show fairly KOl)<t agree-

tnent llutong tllt, Inselvl's ev(,n tJtougll they are
based on three indepen(lent investigations and
were obtained by two different, nletho(ls of cal-

<'uhltious. Because of this the true cota'se of lit('+

1)(+t/,,tial is l)roballly most+ nearly represelltell t)3'

a curve drawn throttgh these points. The ('urve

foutM in this way is shown in figure 13. =kdl,taile(t

52 x 10:5
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.... Hulburl and HirscPifelder
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(lis<'us-;ion or tlt(, ])rol)llqn of accurtdely deter-
mining moh:<mhtr potential curves from spcctro-

s('(>l)ic data is given 1)5' Coolidge, James, and

Vern<). (ref. 29). They do not deal (lire<'tlywith
the -hlei'nlimdion of a ('lll'VO above the dissocia-

tion li nit, however.

Reh_,tion between energy of absorbed light

quant lm and internuclear distance at which tran-

sition occurs. The energy diffl,ren('e bl, tween a
given initial sta, te and a given final state is the

<'nl'rgx of tilt, it l)s(>rl+('d light <lumltunl 1'2". The

vahu, .if r at the lt+rning I)oint of the Ul)I)er state

is unit:ul,ly relatl'l| to till' (,nergy of the final state

throu+:[l tilt, l)Otl'ntial cttrve shown in llgln'e 13.

The Cnl,rgies of the discrete inilial st+ties wer(_

a SStllll,'d to t)(' flIP _:IoI'SP eigenwl, llles for tlw .V

slate. Thus, r+ and E* were uniquely related fl)r
a give I vallle o[ v". Tile rehdion ])etweell ,% II.llt|

E* for v" 0 is shown in tigure 14. In order it)

fin(t tJte relation between :'_ anll N* for v"= l, 2,

and st, forth, the enl,rgy difl'l, rt, nce between the
h,vel involve(t and tilt, v"=0 h, vel was subtractl,d

front the E* value found from the ('urve.

Procedure for calculating absorption coefficient

by reflection method.--The procedl+re followed
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in using the reflection method to eal('uhtle the

absorption eoeltieient, was as follows:

(1) Morse wave functions wore calculated for
each of the 11 lowest vibraiiomfi levds of the .¥

st;de. Some ditllcully was encountered in evalu-

ating the associated L_guerrc polynomials of

order four and greater because of the ral)idly
increasing mmfl)er of decimal places required to

obtain significant differences between the terms.

This problem was solved by finding the roots of

the polynomials and then expressing the poly-
nomials in l'aeiored form.

(2) Equation (3) was used to calculate 11
A A

k_,, (X) curves, where t'_.,, (X) = k_,,, (X)/k;'. For these
curves each of the 11 lowest, vibrational levels of

the .\" state was in turn considered to be the initial

state in which absorption takes place. The

u pper-st ate wave funelions were replaced by prop-

erly normalized delta functions located at the

turning points. The following formula was the
result :

A A

k,,,(X) k,,,,(r_.)=('_g-_/3E*ep_,,2 (S)

I0 x 104

-- Derived from potenfiat in figure 13

9 _ 0 Combinahon of reference I data with plot of

8 _ [:3 Combmohon of reference I dote with plot of

TE_ _]_0"_._ C3_-1/39502 agoins)r s

51 .__ 1 J I L I

tO8 1.12 1.16 1.20 124 1.28 132

t_, angstrom units

Fmt'm,'. 14. llvlation belween E* and r.,. (Cm've is for

v" : O. For hi_h('r vibr:tlion:d h.\'(qs sul)Irac(, from I','*

th(' diff('r('m'(' in en(')'g:y I)('tw('('n r": :0 ,rod v"=v".)

^

where figure 14 was used to relate ke,(X) to

,{'¢,(r,) and ('1 was chosen to make the maximum

A

wflueork(,(X) 1. Tim derivation of this formula
A

is given in app(,ndix B. The k,,(X) curves
obtained are shown in figure 15.

A

SO)H(' of tile /_:e"(X) etlrv('s wore not, ealeulate([

over the enlire range of wavelengths which is

avaihtble in tlgure 15. The limi(s 1)laee(l on the
curv('s are in(li('aled in the figure 1)y verlic'd lines

and eorresl)ond (o the eonverg(,nee limit of l])e

l)an(l Sl)eelrum , that is, to the (lissoeinlion energy
of oxyge)( in tlt(, B state. Note that (he higher

th(, initi_d vibratiomd energ 3" level the rat(he,' the
conlinuum extends toward ]onger w;tve]engths.

Thus, the sharp division l)etween continuum and

band al)sorl)lion which oeeu.'s at 1,750 angstrom

units l'or oxygen at, room teml)erature (ref. 18, 1).

110) is no( present, at high temperature. Inslead
there is a region of overlapping l)and and eon-

linuum absorl)tion beginning at 1 750 angstrom

units and extending to longer wavelengths. New

bands also appear as _ result_ of the population or
excited vibrational st_ttes of the A" slale. The

wavelengths and relative intensities of the bands

overlapping the continuum can be ealeulated by
the Franck-Condon method but were not included

in the calculations presented herein. Fraser,

Jarmain, and Nicholls (rer. 30) have tabulated

some of the transition probabilities and Treanor

and Wm'ster (ref. 31) have observed some of tl_e
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l"iq;l'l¢i.; 15. .\l)_,ortltiOli coellicil,llf, of oxyRl'Ii lll()h,l'ulos
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ilioh'clih'.
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lillii(Is. The extension o| tho (,ontinuuin has

beet| olst,rvod l)y Goi(ien tint| ,_,Iylil'son (i'(_i'. :_2).

(3) Til,. ow,rllll libsoi'ption (_oeM('ielit wils ('itl('u-

]aied froln tile foi'lilllili

A _ AkT(X) = $-LY,,,, (" ')k,,,,(X) (9)

where N,,,(T) is the weigllthlg factor base(| Oll the

equilil)rilqn popuhition o[' tilt' inililil vil_riitionii]

levels. ']']le clirves ol)tiiillO(I tire siiown hi tigure

IlL Tile dis('onthiuities (,orrospon(I to lhe long-

wilvolongt}l liniils s]lowii in l<igUl'e 15. l_'or _igul'e

16 llll(I llii. subso(|uelit []glll'i,s, (!oilll)]el(' equililirium
of lile el,,(qronic stlttes ]iil,_ 1)con liSSUliiC(l tlliloss

otherwise-noted.

Equlilioli (9) n(,gie('ts (_oniril)utions to ]¢v(X)

front al] hlitilil sllitos for wiii('h _V'_l(). hi)out.

] ._ [)er('elil o[' tile oxvg('li iiio|o('tlios lii'o in ill(' _,"----
A

10 slllle Ill. 11) 000 ° K. Figure ID stiows liilit _h.(X)

os(:iihli('s SOil|owl|lit like _l sine fliil('liOli with n

])etlk-to-i_(,lilc lilii])]itl.i(le of lil)Otll 0.2. T]lti_, t}lo
A A

ilVi!l'iigi, ('()llli'il)iilioii OF ,{'l_)(X) 10 ]<i,(X) ill tilO

]ligliest tlqiii)i,i'lllllr(' })eilig ronshler(,(1 is lit)oilL

().0018 will| the li('lulil (.Oiiliril)ulioli Ill li givoii

wllvi,i(,iig ]l vlirh-hig frolil () to I).t)()36. ('olllriliu-

liOliS like thi,_ ]iltv(, ii Vl,l'V Sliiilll eff('('t (ill lhe siiliI)o

of the (li_triliuiioll ('urv('. (_Olllril)llliOllS frolil tho

]liglier si_ les ill'(, oVl,ll _tiill]](,i' liiuI ill'i! iiio1'(, of 1(',7,,.i

i'liii(Ioliil 3 (listril)ui('d ovor the wllvoloiiglh i'liilge.

Thus, _t(_l)liilig tiio elihqihitiolis Ill r"- l(i is I)e-

li('ve(I to iiav(' li negligil)h' offo('i Oli ill(' shllp(' of

lii(' (Ii_ll'i >uliOli (qirvl'.

CAI,CULA''ION OF ABSOI{PTION COEFFICIENT USING A
1)I(ilTAL COMPUTEI{

Description of method and procedures. As has

ah'('llliy It,on lii(,lilion('(I, oqulition (13) |'(,(hi(ms t]le

l)rolih,lii _,f (.ii]('tliillilig lhe li})SOl'l)lioli (.oefti('i(,iil to
liie (,vllluliiion of tit(' vit)rlili(liilil ov('rlii t) hllegrlil

Ji_4bv,lpd '. [¢ortiieiligit,il(,onil)uter('ilhqihitiolis

._|ol'_(_ (,i.,.'(, [UllOlioli_ wt,r(, (l_('_l for t]i(' _2'roulili-

state wa, c ['till('tioti_

fuil('lions W('l'(' f'()llii([

so|vo ill(' _('hi'i'i(lilig('r

|lilt] lit(' (,xviti'(l-silli(' wllve

l)v usiil_' llll' vonll)uter to

('(1 ii;i t ion

[lq'--l"(r)]@_: () (10)

The solution wlis sllll't('(t ILv ._l)("'it'yillv lho vlll-

liOS of _ illill d_,,.'dr ;it th(' lliriiill_2' f)ohii of till'

lll(tlioli il_ lh(' Illil)('r _lat(' ali(I wil_ ('oltlilille(] lit
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I"mt,R_: 16. Absorption eoeHieient of oxygen at tempera-

lures from 300 ° to 10,000 ° K. Long-w._velength limi(;

eorr('sI)onds 1o that in fig, tlr(, 15.

tl_e Runge-Kutla procedure (discussed in ref. 33,
p. 469) as far as needed into (ho rogion where

636587--62--3

(K' 1")_.(). The ma('hino evMuate(I lho ovev-

hq) integral a,t the s,ml(' time and lhe result

ob,,d._e(I a( (h(, (,nd of the rut, was ji_ qL,,qMr,

where r_ is the interntm]ear distance corresponding

1o th(' starting point. It w_s only neeessm'y (o
integralto out to r v_Llut's wh('vo |lhO integrM ai-

rained a (,onshmt v.tlue sin(,(, the integr_md van-
ishes when O,." vanishes. Runs were ma(le in the

O])l)osit(' direction (that is, into the region wht,re

(E'--I")_0) from the snme starting point to

11"O,,4,dr('vahmt(, a.n(I the two parts were _1(1,11'(1

t.o obtain 4),,,,_dr. The mnt,hine results in the

region where (/('--1")_0 were not satisfactory.
The (rouble was due to the fact that d2_b/dr2_O

in this region, and the solution is therefore un-

stable. (!oolidge, James, and Present reported

sitnilar dilli('.ulty (ref. 19, p. 200). The prot)lem

eouhl hay(' 1)oen solved t)y _uljusting d_k/dr at r,

slightly so a.s t.o obtain positive diverging and

neg_d iv(' diverging ¢ tim(q ions for n('_,'ly i(h,nt ical

valut,s of dC_/dr at r_. However, the requir(,(l in-
tegrals were computed instead with a desk inte-

grator using II_mk('l functions for the _/, fun(qions.

S('hiff l)oints out. that Ilank(,l functions are solu-

tions of equation (10) when I" is a linear function

of r (vef. 34, p. 182). Th(' langt'nt to the poientiM
curv(' was used for V' in tit(, lla.nkel solutions.

The following (4t(,(.ks w(,r(, ma(le on th(' ma('hin(,
rosll|l,s:

(1) For t_ few runs It_mkel solut.ions weft, ('om-

pul('(l over the whole rang(, of r wdu1"s n('('(,ssary.

The tangent to the poten(iM curve was used for
the ])ot, ential function. Th(, observed devia(ions

from the machine-('onq)ute(] _k funvtions were in

the (_orreet direct.ions and wmished _s the point
of tangency was approached.

(2) Plots of the int(,grand were ran(h, ov(,r the

range of r values use(l. The junction of (he two

parts )i( (lie s(_ll'(ing point was smoo(h in every
('liSP.

(3) Spot che(:ks of (he value of 0,.,4,dr were

made with a desk in(egrator and w(,re in s)disfac-

tory agreement with the machine results.

The )mmeri('al wdues of the vibndiona| ov(wlap

integrals _tre prot)erly r(,htted to each other only
when normalized wave functions are used. The

Morse wave func'tions us(,(t were normalized but

tit(' _ functions ol)(nin(,d from tit(, (_omt)uting
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illll('hille wet'(' llol. Tit(' II('('('s_ul' 5" noi'nlalizliiiOli

['il('l(u' is SilOWii iii lll)])(,li(]ix ( ' lo t)(, F- (( 'OliSlilul )

(/7 l.,_-i.t) wlU,l'e _ is lit( _ slop(, o1' lit( _ lioleulilil

I'III'V(' 11[ #'_,

%,Vtu'ii ]' ',vlis sulislillllt'd iii e(lulllioli (;_J) the

I'PSlli i wits

k,,, =_',,, ( '_,?t_':_lq* ( ,g,dr ( 11 )

l_'qllli/iOli (11) is ('OlUlilii'ill)](' Io I'llulllioli (S) ill

1t1(' t)l'eVious sl,_'lil/n Oll lh(' I'elll,('lion uu'lhod.

|"i_ur(, 14 wits lis_,(I Ill i't'hll(' ],',,,,(X) to ]¢,.,, /'_)

(till[ (t, \VllS (.[l(iSlql ll<) Illlik(, II1(, pl'ltk Villll(' Of
a

,4'_)(X)--1.

Calculation of absorption coefficient from ma-

chine results,--Th(, t)ro('(,d(lr(, followed in ('ld('u-

liitiug the lll)sorl)iion ('o('flici('nl was exactly lhc

Slllll(_ Iis i[lll( used for the r(,l]e('tiou lneiho<l (_xo(,I)t

lhlll i,(lulllion (1 i) wiis us(_(I 1o ('lil('ullllo lli(_ vahios

(,f _,,,, i,_ t)1,.'(, of (,(iu,_tior_ (s). The k,,,(X)
^

('III'V('S ill'(' shown in fig(Jr(, 15 illid lhe ,4"r(X)('lll'Ves

al'(; sh()_,vii in tigul'e 16.

('AL(;IILATION OF ABS(II_II'TION COEFI'I(1ENT US1N(I
SULZEX-W_r:LANDr'()aMtTLA

Statement of the formula and calculation of ab-

sorption coefficient. The Sulz(w-Wi(qaml formub(
is wl'ill('n ill t('l'lns of th(' wllv(' liUnllii,r ; ltn(I is li._

fo||ows (r(_f. 7, I ). if(14):

k'r (_) _';;'l i lilili ((')/2T) I ''_

exp 7--1anh ((-)!27')I(_--_,,,)/A_,<_]_;: (12)

where _'_i' is ill(' lilllXiliitilil vllhio o| _'r(_) ill 0 ° l_.,

(-) is Ill(' ('tilu'a('ii,risli(' l(,liip(_rillur( , wlli(']l lil)l)elirs

iu th(' vitirlilionlil I)lu'iiliou fuu(,iion for lh(' .'t"

sial(', _,, is Ill(, wlivo uulnll(,i' for whi(']i _'7.(7,) hils

iis IliUXillillin vlihl(L lili([ _1i is lilt' liullii'li] half

I)r(,li(llh of lh(' 7{'1t(_) ('lirve: lhlll is, A_ll is Ih(, (litl'('i'-

(,ill't, tletwt,(,u llu, two vlihi(,s of _, for w]ii('h

lu orltl,r io IlSe (,(llililioil (12) _',_', _ .... llli(I A_<I

liillsl lit' ('vii|Ill(It'll fl'Olii (,xt)el'iliieillnl lil(_liSlll.e-

It(el(IS (if lhe lll)sorl)lion ill li l(,lUl)(,l'lillir(, low

euough so lhal _'r($) is for all t)rll('ii('a| i)Ul'l)OS(,s

i(h,liti('lll to ]t'0(_). ['_OOlil-l('ilit)ei'lilul'(, Ili(,llSlil'e-

iiil, lllS ill'(' il(te(lllili(' for ox%'gOli, sili('o |)i'li('li(.lii]) +

all ox.vg(ql lilO]('('uh's lil'O in lhe lowesl vit)i'ltli(lnlil

s|lll( _ ill i'oo111 t(,llt])(,l'lil i11'(_,

'Hie followiug vllhies vtl_l'( , lisod for ('ll]('uhlling

lli(, lil)sorfiliou ('o('tli('i(_lil for oxvg(,ll: _',_':_400

(!ill-i; ,_< ti(,i,0()0 ('ill-l; A_,.- Ii,481 ('Ill-i; lili(I

('):2,2(i( ,° K. 'i'll(' r('suliing _'.#.(X) iqll'VOS I11'(_

showll il figure 16.

Underlying assumptions and resulting limita-
tions, "{'lie ilssunit)tiolis uu(h'rlvhlg lhe _ulz('r-

_,Vi('[liil(I foruiuhl ill'l, (is I'(ti]ows:

(1) l|llriiioui(' os('ilblior wl(v(, fun('lions (r(_f. 34,

1). (i4), whi(']l Ill'i, sohilions of S(.hr0(lillg(,r's (_(tuli-

lion l'of li i)lirlilloli('. |)ot(,nlilll, W(_l'( ' ll._suiu(,([ for

ill(' iniiitll-silli(' fiill(qioils.

(2) 'ril(, llp|)el.-Sllil(, ])ol(,lilili[ wiis iisSUili(,(l to

t)l, il sirliig'hl iiu(,.

(3) Tit(, Ul)l)(,i'-sl ul (, (,ig(,ii fuji(.1 ions W(,l'P rl,t)itl('t_(I

t)y (l(,llll fuu('lious (is iu the l'(,[h,('lion ui(,iiloll.

(4) Th(' (,h,t'll'Olii(' il'ilnsiliou i)i'olilit)ilily was

lissillul!(I 1o hi, ill(l('l)en(l('lil of/".

(5) Th(' ('xl)r('ssiou (,_:/'7,),t7, ('onslliul (l'(q'.

7, I ). ti(il, lili(I r('f. 17, I ). ')():/) wits r('])]ll('('(I t)v

.tll>'_'d_',, ('Olisllilll. This is ('(tuivlii('nl Io oiuil-

ling ]+_* 'i'oiii e(|utitiOliS (7<_)lili(I (l I).

((ij Tll(, (,fl'(,('l of luoh,('uhir ('oil(lion wli

it(,gh,('t (,ll.

"IVilh ih(, llssiilnptions lii(,lilion(,(l lll(, ('lil('lilll-

tioii wll. _ <_iinl)lified (qiOllg]i Io ])eriuil SUlUlliillioll

of ihc t(tiiltli()lis ovlq' llll llu' in(lilt] vil)rltlJonil]

sllit(,s i(_ ()hlliiu liio I'l,sull giv(,u iu (,(lUilliou (1'2).

Till, r(,sllil is SVliiiil(ql'i('ltl ill)oul ._,,, llli(I lhlls is

ili('lll)lll)l,, o[' stiowiug ltll.V stlil't of the l)elik l)OSiliou

wilh l(,lii|)(!l'lllui'(, s(i('li (is lll)t)ei(i's in figure, 1.

l•](lulilio i tl7) is similar to llu, (,(tullliou for lh(,

ilOrliilil (.lit'v(, o| (,rror !7--(2"si'j-_i'-'ox| )(--./'_/'-)) Silt(.(,

it (.till I)( wrilleli (is ._i--(( 'olistlinl)i'xi)(--lllnh +._t'_)

lilili till, hyp[,rl)oli(' tlllig(_lll (IO('S nol (liffer lilll('ti

ri.oiii its ii.gUliiolil tOl. sinai] vliltleS of it((, lirg, lllii(,lll.

'|'h(, _;u]z(,r-V'(i_,lllii(t (,(it(illicit is llt)t)li('llt)h, i(t

Illl)" (lili olni(' nioie('ul(, t'of whi('h lit(, ll(,(.(,.,-;Sill'V

t.ollSllllit _, ('lilt lie evlthli(le(I lilllt is [Orll/tlll.v llt)[)li-

i'llt)l(, ill till) IolUl)(Willur(_. lit tirli('li('e, h has

I)[.>.ell [Ollii(t to itgi'l,e well with lliOltSlli'e(I iillsorl)-

liou ('oelti('ielils for lho hlilog(,iis Ill l(_lil])(q'lilul'i,s

u l) to '2,'i)00 K (figs. 3 llll(l 4 lill(I I'(,fs. l0 Io lli).

|/('('llUS(' o| lho rlllhor (h'asti(' llSSUliil)lions inll(le

ill Ol'(l(,r lo silnl)li[v liie lll(,oi') (,llOllgli to p(,rliiil

lh(, r(,sull 1o |)o writl(,ii in ih(, I'()l'lii o| li siilgh,

Silill)h, ((tulllioli, it is il(,(.(,ssliry to guilr(I ilgaiusl

USilig il withoul Ililikilig SOl((i, s(trl of evlthlliliou

of its l)lO|)at)le l'llllgli O| vlili(liiy fol' lh(' lll(Ih,('llh'

iu quesl _Oli lillll |or lh(, lOlllt)(q'llllll'(, ri(ng(, il(,(,(l(,(I.

,is (lis(,lissi,d sul)sequ(,nllv, lh_.' _uiz(,i'-_,Vi(,llilid
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fornmln is not adequate I'm' vah'uhtti:m of tilt'

_tt)sorptiol) i*o(,ffich, nt of oxyE(,n up (a |0,001) ° K.

CAI,CUL&TION OF ABSORPTION COEFFI(?IENT INCI,UI)IN(; AN

EMPIRICAl, (;OI{RECTION FOIl: VAI{IATION OF ELE(_TR()NIC

TRANSITION PllOI]AIIII,ITY WITH INTERNUCI, EAR DISTANCE

Determination and discussion of correction

factor. "Fill' (liseussion followinlx o:tua(ion (3)

nlention(,d tha( an empirical (,vahmtion of lhe

variation of flu, eh,vtroniv transiti:m ln'almtfility

_Zwith internuclear distance could bo obtained by

uOnZl>aring i'Xl)l'rinl('nlal values of tilt' absl)rl)tilm
('_)(,fli('i(,)lt to lhem'l, tiva] values {'alm|laled frotu

equation (3). £ince the (,h,(.tronic transition

prMmlfility was assum,,(I to be con_tz_nt in tit(,

('ah'ulatians based on equation (3), the I'aclor

roquirml ta make theory =tgt'ee wi(h experiml,n|

at room temperature van t){, interpreled as being
l)roporlional to _.L

Figure 17 shows till, variati:m of 12 with wave-

length. It was derived by comparing a smooth

mu'vo drawn through till,e,:perimelltnl(lat=lwith

the digital-vompuh,r results. The variation is

slow and smooth from 1,750 down 1o 1,375

angslrom units. At 1,475 angstront units Ill('

Sial)l, suddenly ('hllllgOS Sigll 411(I till' fal'lor (]i'()[)s

slmrply to zero at 1,30(t nngslrom units.

This sharp drolmtl" is part iclflarly in rarest ing and

signifil'_mt, sint'(, it indicates (he pres(,nve of an

additional factor affecting tilt, absorl)tion t'oetti-

cienl. Wah_nabe, Z(,likoff,_tnd Inn 0"el. 1, p. 26)

suggested thai nnother potential interacts with the

l_(S2,,) potential to <'ause this dislurbaml'e. Evi-
dence has been i'il{,(I (rN's. :35 lo 37) for the

(,xistem'e o[' a potential in addition 1o th(, five well-

establish('d ones shown in figure 5. It is {h,sig-

)rated as :Ill,, and lwrlurlmtions between it and the

l_'(aN,) stale are Mlow(,d by the selo('tion ruh's

Measured irons t on probab ty
0 0.1 x . . (NIcholls)

Calculated Franck-Condon 'factor

L6- Experimenta ntens ty
i D .65x Theoretical intensity (Watanabe, Zelikoff, andlnn)
i

[:I(;I_,E 17.

a_ ,, _¢, oo_,,R

// q from8Mcalculahons

I/
Or j L J J I

I,N30 1,400 1,500 1,600 t,700 1,800 1,900 2,000 2,100

Wavelength, angstrom units

lla(io of experimental to th(,orvlical at)sorp-

lion ('oetti(!ii'nl at ?)00 ° K,

(n'f. 17, I). 284). Figure 1;,4,shows that lh(' :_H,,

('urv(, whi('h was proposed by Fh)ry 0'of. :/5) and

later substantiated by Vohlm/l (ref. 36) )'ouhl I)e

exiral)olat('d 1o cross I11(' /_'(a2;,,) ('urve at the point
r(,(luired lo cause th(, (lislurlmnc(, noted at 1,475

=mgslrom units. ()n tit(, ()th(,r hand, Wilkinson

and 31ullikt, n 0'('f. 37) gave son/(' good argulnenls

for 1)(,li(,ving tlmt the :ql, em've taM,s a diJt'i'rl,nt

(_otn'se. Th(,ir curve is +lls() shown in figur(, IS.

Vanlh,rslil'( ,, Mason, anll Nlais('h (r(,f. 2S, p. 16)

SUl)l)ort Wilkinson and Nlu]lil,:(')l and sugg('s( that

Flo)'y's ('tl)'V(_))ll).V ('()l'))('S])()|)(1 (0 II., s_, stnI('.

])el'ltlrbnlion of the B(:_.S,) stale })V this state is

also possibh,, since only lhe multiplicity seh,elion
rule is viobitod, and this is fnirly common.

Nil,halls r(,l)O/'le(I a (l(,terlnin)llion of till' wi/'ia-

lion of (2 from lilt, (liscr(,t(, i)nrt of the S('humann-

Rung(, t)an(I spl,('(run) O'('f. 21, p. 750). Itis
results, whi('h are t)as(,d on i'nlcul)tt('(t Fran(.k-

('on(lot) fnl'tors and at)sorl)tio)l tn(,_lsuremt,nts by

l)it('ht)urn and lh'ddll, (rt, f. 2), are shown in

figur(, 17. Also shown are sot))(, a(hlitiomd l)oints

i)rol)ar(,(t from data givt, n 1)y Wahmal)(, Z(,likoff,

and Inn (rot. 1, p. 25).
Nil'holls' ('u)'v(, do(,s nt)( join snmothly onto th(,

('urv(, (h, rive(1 from lh(, /.onlitmun) ev(,n wh(,)t

allowan('(, is )))a(h, for 111(,s('ah, Ilifl'('r(')l('/' t)('(w('en

th(, t'm'vt's in Ill(,figur(,. Possihlv (his i'ouhl also

I)(, ('xphdn('d 1)y int(,ra('tion t)l'tw('lm l)O(('))lials,

si)tc(' figur(' l,g sh()ws Will<inso)) and Xllfllik(,n's

80 -xlO 5

_1_1 ! Morse curves
...... Flory (extropololed)

I -- Wilkinson and Mulliken

70 ilI [] Watanabe, Zehkoff, and Inn

5-

E60 5p + qo

#

_ _ _ 5p + 3p

\ _ _

30 I
I.O I.'5 2.0 2[5 310 3.5

01stance between nuclei, angstrom units

Iq_;t:_tE lg. Illustration of ix','() sug, K('sied now l)ot(,nlial

CIlI'VPS for oxyg(,n.
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curve rrossing the H(:b2,) ('urve near the poinL

which rorresponds to tilt, dissot'iation limit of tile

Srhumann-Runge band system. In any ease the
variation of t2 deriw,d from the eontinumn is the

apl)ropriate one to use in calculating the correction

factor for the continuous absorption.

Application of correction factor to calculation of

absorption coefficient.--hi the preceding section
and in figure 17 _1 was treated as though it were a

function of wavelength. Because X and r_ are

uniquely related for a given initial vibrational

level, room-temperature data can be treated this

way. At high temperature, however, several

initial vibrational states are present and the fact

that _ is basically a fimetion of r rather than X

nmst be kept in mind.
The empirical correction factor shown in figure

17 was tile, ted as a function of r,. and was applied
A

to the ,_',.,, (X) curves of figm'e 15 by using the X,r,
relations define, I in tilt, discussion of Ill,, reflection

A

method. The new k,.,, (X) rurves are not shown but
A

the resulting new ]_'r(X) curves f'or the digital-,'om-

purer calculations are shoran in figure 19.

EXPERIMENTAL DETERMINATION OF

ABSORPTION COEFFICIENT

BACKGROUND MATERIAL

Statement of experimental problem.- The ex-

perimental probh, m was the determimttion at sev-

eral selet'ted wavelengths of the absorption ('oef-

fieient k for molecular oxygen at telllperalures tip
to 10,000 ° K. Since k is a function of wavelength

amt temperature these quantities had to be well

defined during a measurement. The solution of

eqlmtion (1) for the absorption coefficient

]¢= -- (1/_[) log_ (J/do) ( 13)

shows thai the (hIta necessary for the deter]nina-

lion of k at given wavelength and temperature

were the ratio of the emergent to incident light in-
tensity, the re(lured gas density, and the path

length.
Problem of obtaining heated gas samples. A

direct approach to the pi'oblenl of obtaining heated

gas samples was made in references 7, 10, 11, and
12 by using eh,('trie heaters. A more novel, and

for some purposes more sat isfa('tory, way of heat-

ing the gas samples was used in I'eferen('es 9 and 13

to 16, where sho('k waves were used to compress

_".._ Corrected curve

"8 /'J "_ UOCOrreCfed Cur ve....

k
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.21
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k.4

i
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1,300 1,400 1500 1,600 1,700
Wavelength,angstrom units

I
1800

FI(;URE l I. Coi'r('cted absorption couftici(,nt of oxyg(m al

temperatures from 300 ° to 10,000 ° K.

and hen ill,, gases. Since moh,eular oxygen dis-

sociates into atoms at leml)(,raturt,s above a few

thousan, l tlegrees Kelvin, the almosI instantaneous

heating )rovided by tile shork heating method was

necessar,- for the study of lhe absorption of oxy-

gen I]I) *o 10,000 ° K. Oxygen persists in the mo-
leeuhu" I,)IUn for a short time behind a slloek from

because more molecular collisions are re<luired for

(lissoeialion of tile oxygen molecule lhan for the
excitation of its transhttiomd and rotatiomd tlt,-

grees of freedom (rel's. 38 an(t 39).
The advantages of using shork waves to heat

the gas :_aml)les were:

(l) T _e containing vessel was nol atipre('ial)ly

heated. This was very important since tile two
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materials which transmit light well ill the w_cuum

ultraviolet, namely lithiunl thloride and calcium

tluoride, lose their iranspareney as the tempera-

ture increases (ref. 40) and break easily umler the

me(,hanical stresses imposed I)y leml)erature
gradients (refs. 41 and 42). Even if these

ot)stach,s could have be(,n overcome no containing

walls wouhl hav(: long withstood temperatures up
to 10,000 ° K, gas pu,'ity and high vacuum would

have t)een dillleult to maintain at high tempera-

lure, an(I lemperature gradients 1)etween heat

sources and surroundings would have caused
considerable troullle.

(2) The intensity of the light source did not

have to be steady since the transmitted light
intensity changed at the sho('k front in a fra('lion
of a microsecond.

(3) The leml)eralure 1)rodue(,d was uniform

along the path h,ngth.

The disadvantages of using shock waves to

heat. the gas samples were:

(1) The t eml)erature had 1o be eah,ulat(,d from

the lhermodyna,ni(, I)roperties of the gas and the
measured sho('k velo('ity.

(2) An intense ultraviolet sour('e was required
to maintain a useful sigmd-to-noise ralio in the

fast-responding light delector re(tuired.

Adequate (les(Tit)lions of the m_lm'e of sho('k

tut)es and their use in producing hot gas samples

are given in the lileralure (refs. 43 to 47). Ideal

shock-tulm/low and many effe('ls of gas iml)eH'e('-

tions have become common knowledgo. IIow-

ever, a lml)er t)y D,,fr (rer. 4g) deserves special

menlion l)ecause lhe conditions cited are precisely
lhose l)resent in the sho('k lube used for the work

rel)orted herein. Before the paper appeared the

following puzzling facts had 1)('en noh'd: The
distance t)(,lw(,(,n the sho('k front and lh(, ('onla('l

surface t)('tween drive, and driver gases was

noli('ed to 1)e far shorh, r than lhat t)r(,(li(q(,(I I)y

sho('k-lul)(' theory. II was also notie(,d thal this

distant(', which measures the length of lhe hol gas
region behind the sho('k fronl, did nol inereas(, as

the sho('k wave progressed down the tub(,. This

also contlicte(I with lit(, usual shork-luhe l]_eory.
Both of lhese efl'e('ts were rel)orled I)y 1)ulr and

were allrit)ute(I along with certain other effe('ts

to the formation of a laminar tmundary layer
t)ehin(I the shock front. Whil(' this dislurlmn(.e

to the otherwise easily ('ah'ulated lhermodynamic

prol)erties in the hot /low regiou ('ompli('ates the
task of lhose int(,reste(I in studying relaxation

rates behind shock waves, it does not att'e(,1 the

ther,no(lynamie (,alculation of t("nll)eralllr(' all(!

(h'nsity immediately behind the front, an(I

th(,s(, are the only l)rol)erlies required in lhis
investigation.

Problems peculiar to vacuum ultraviolet spectral
region.--Speetral measurenlenls at wavelengths

shorter than ahout 2,000 angstrom units are con-

siderably more difficult than they wouhl be in the

visit)le sl)eelrum because of ill(, following items:

1t) There are only a few materials which are

transparent in Ill(, vacuum ullraviolet region (ref.

49). Quartz becomes Ol)a(tue at about 1,500

angstrom units, sapphire at at)out 1,425 angstrom

units, barium fluoride at aboul 1,350 ang-

strom units, calcium fluoride at at)out 1.225
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angst rein units, and lithium fluoride at about 1,05(I

angst rein units. At wavelengths shorter than 1,050

angstrom units no windcJvcs, prisms, or lenses are

available. Quartz and sapt)hire are strolls, illlt-
terials and will withstand much thermal and

moehanieal stress, but ealeium fluoride and lithium

Ihloride are very susceptible to t)olh thermal and

mechanical stresses (ref. 42, p. 740).

(2) Tilt' contamination of the surfaces of nlir-

rors, gratings, h,nses, and windows by even thin

films of oil, watt,r, or other substances often results

in a great reduction in eltieiency in this spectral

range (refs. 51) and ,51).

(3) Since the oxygen present in air allsorbs light

strongly in this spectral rcgion, all light troths
must be kept free frmn oxygen, either by providing

an evaeuated enclosure or by using nonat)sorbing

gases in tilt' light paths.
(4) Sources of intense ultraviolet light in the

spectral range from 1,300 to 1,7,5(I angstrom units
are still in the development stage. In tilt, past

the most conunonly used sources for studying

speetra in tile region were as follows:
(a) The positive eolulnn discharge in hydrogen

(refs. 52 and 53), which produces a continuum

from 1,t;50 angstrom units upwards and the many-

line moh'cuhu" hydrogen spectrum below 1,6,50

angstrom units.
(b) 'Flit' continua enlitted by the rare gases

xenon and krypton under nlierowave excitation

(refs. 54 and ,55). Xenon enlits from 1,470 ang-

strom units upwards, with peak t,mission near

1,7'50 angstrom units, l_.rypton emits from 1,236

angslrom units Ul)waMs, with peak emission near

1,500 angstroln units.
(el 'I'ht, l_vm:m eolitilltlUlll (dis('usse(l ill ref. 54,

1)' 344, aml eels. '56 and ,57) l)rodueed t)v a vioh,nt
condenser dis('harge through a mm'ow-t)ore (ul)e.

This source emits a eonlinuum running t'rom a few

humh'ed angstrom units upwaMs.

Colwentiomtl designs of the lit'st two tyt)es

mentioned failed to produce adequate intensity of

ultraviolet light. The I_yman source tried pro-
duced intense ultraviolet light, but the niaterial

ejected quickly l'llilled the lithium fluoride window
oil Ilia shock tube. l{eft, r(,nces 5S to (i2 discuss

seth(, other light SOllr('es for the vacuum ultra-

vioh't. All these were judged to be unsatisfactory

for the purt)oses of this investigation. Tilt, search
for a suitable light source was the greatest obstaele

ctwountered in l)rCl)aring the exl)erimental equip-
merit. [towever, suitat)le sources were finally

develot)ed. Since these SOtll'ees hltve IiOI t)eolI

thoroughly investigated, tilt,)" t)rolmt)ly are not,

optillltlill designs. Tilt, SOIlr('es llsed tire described
in the section entith,d "l)eseription of Equip-

illellt._'

Light-detection problems.-A fast-responding

detector fox" ultravioh, t light was necessary in

order to take advantage of the fact that inoh,eular

oxygen persists for a short time behind It shock
front. Photoelectric detection using a photo-

nntltiplier tube was the only sohltion found.

Since tilt, glass envelol)e of a photonnlltil)lier
tul)e does not translnit light in tile vacuum ultra-

violet, a coating of sodium salieylate was applied

1o the ghtss in front of the lighl-sensitive area.

Sodium salieylate ltuoresees with uniform quantunl

ellieienc._ (ref. 1, p. 17, and ref. 63) over tile entire

range of wavelengths needed (1,300 to 1,7,50

angstrom units). The peak of the emitted light

(X=4,101) angstrom units) is close to the sensi-

tivity peak of an S-11 l)hotoeleetric surface
(X=4,400 angstroni units), whi('h was the type
llSe(I.

No inrormation was awdlat)h' in tlw literature

on tit(' ihlorescenee decay time of sodium sali-

('ylate, t,ut the exl)erienee gained in this investi-

gation and in that eel)erred in reference 39 indi-
cat, as that it is less than 1()-7 second. The rise

time of the signal el)rained by coating an R('A

1t'2l l)totonmltitflier with some other organi('

i)hosl)hors was measured ill referenee 64 and was
found Ic tit, of the order of l() -_ second.

DESCRIPTION (IF EQUIPMENT

Basic items. In simplest ternts tilt, e(luil)nwnt
itents needed to measure the absorption coetlicient

of a sample of gas are a light source, an absorl)tion

path of known length, a device to select lighl of

a know_ wavelength (i.e., a monoehromator),

and a light detector. The at)sorption path is
in the s lock rut)e; the (teserit)tioll given inchldes

all infor nation pertaining to th(, shock lul)e, sueh
as, sho,'k-veloeily measuring e(luipnwnt and

t)l)(,ratiol of tilt, shock tilt)('. The deseril)tion

given o! ill(' light dcleetor incluth's infornlation

i)ertaini_lg to the reeoMing as well as to the tle-

lcetion )f tilt, light signal. Figure 20 ilhlslrah,s

the main items of e(luipment and how th%" are
related IO allah other.
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Detailed descriptions.--As has ah'eady been

mentioned, the ultraviolet light sources used

were develol)ed at the Langley Iieseavch Center.

They are best described as pulse(l hydrogen
discharge lamps. Figure 21 is a drawing of the

tirst successflfl lamp built. As indicated in the

tigure, the cathode and most of the glass envelope

were taken fi'om a radio transmitter tube (RCA

tyl)e 872A). The original intention was to

operate it as a hot cathode, continuously operat-
ing, hy<h'ogetl discharge lamp. While tit(, usual

continuum and many-lined moleeuhtr sl)eetrum
were obtained this way, the intensity was in-

ade<luttte. When a condenser was discharge(1

through the tube, however, intense ultraviolet

light was observed. After a moderate (levelop-

nwnt program, the following eombimttion of

])al'tS was t'otmd to give satisflletory results over

;tt least a t)ortion of the desired speclral range

(1,550 to 1,750 angstrom units):

(1) The lain 1) as shown in tigure 21. The

Copper_
block ',

Glass-to-metal seol=_ "

H 2 n cathode . --_._.-_ H 2 outstructure
Inconel _" f--T-V///_

Copper-'
thimble

cnthode was no longer heated but was merely
used lls till ('l(xql'()({e.

(2) An energy., source eal)al)le of [)reducing a
('tlrrent pulse of 2,000 amperes for 100 ]nit're-

seconds. An artificial transmission line made up
of twenty 2-mi('rofarad, 4-kilovolt condensers,

and ten 5-nficrohenry, <'enter-tapped <'oils eon-

necte<l as shown in figure 22 was used for this
purl)ose. The condensers in the artifi('ial trans-

mission line wel'e charged to about 4 kilovolts.
A not,inductive series resistance of 0.8 ohm was

inchzde<l to match the load impedatwe to the
output impedance of the line.

(3) An electronic switch. A l'_uthe Laboratories

hvdrogen t hyratrol_ tllt)e (Type 5948/1754), rat ed

at 1,000 amperes peak current and 25 kilovolts

peak voltage, was used. It applied the voltage

to the discharge lamp less than 1 microsecond

after being triggered.

(4) A tank of ('ommercial-grade hydrogen.

This gas was allowe(l to flow slowly through the

discharge tut)e. The hydrogen pressure was
maintained in the discharge region at about l

znillimeter of mercury I)y eontinttous putnping.

Figure 23 shows the tneasured light intensity
(listribution with wavelength for this light source.

One other light source from the many rried is

shown in figure 24. It was used for the shorter

wavelengths where the light, intensity pvo(ltwe(l

1)y the first source was low. The intensily dis-

I0 center-lapped coils
5microhenrleseach ', .Electromc sw,lch

T T T T_ Z_ _,ghtsou,c, [
'-20 two microfarad condensers

FI<;I'RE 22.

Eel.2
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E
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Artificial transmission line used for energy
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o 09 ° oO ooaOO q:9oo
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l.'l(:tnr; 21. l,ight source ttse<t for waveh,ngth t':tn_Ze 1,550 I"u:t'RF; 23. Measured light inh,nsity <listril)utionl for

to 1,75(I anl_zsh'(>nt units, source made from I{CA tyl)e R72A traulsmitler tube.
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I;I(;IRE 24. Light :'4OUl'Ce used for wavelength rangp 1,30(I

to 1,500 angstrom units.

tril)ution with wavelength for this lamp was

essentially the same as that for the first, source

hut, due to the confinement of the discharge to

a smaller space, the intensity wns higher.

A 1)ulsed hydrogen discharge ]anl I) was also used

t}y ('.mine, Canml, and Petty (ref. 39). Ac('or(I-
ing t,o a communication from l)r. Morton (!amae

of the AVCO (?orl)oralion thi_ lamp has two

hollow cylindrical ele('trodes spaced about 5-;inch

hi)art and seale(l in q glnss tube containing hydro-

gen at, several millimeters of 1)ressure. The

hydrogen SUllply was maintained by a small

amount of uranium hydride (ref. (12), whi('h also
servell as a getter material to remove residual

impurities, lqtravioh, t light fronl the mole('uhu"

]lydrogen spe('truln was llrOdueed when the html I

was tlashed at about 500 volts and the light lt'ft

the tube through _ cah'ium lluoride window.

Another tlash-type ultraviolet source similar

to those develol)ed at the Imngley Research

(¥nter was reported lly (;ohll,n and Myerson

(.ref. 65). l,ight was produ('ed in this lamp by

dis('harging 120 joules through xenon, argon, or
krypton contained in a 4-millimeter quartz eal)il-

lary 15 centimeters long. Continuous emission

was reported fronl 6,800 to 1,500 angstrom units.

The photomultiplicr output was 1 volt at, 1,700

angstrom units using a eir('uit whose response

time was less than 1 microsecond. This magni-
tude of signal is about the same :ts that obtained

in tile present investigation.

The absorption path was 1 inch long. This
dimension was determined t)y tile inside (liamel, er
of the stainh,ss-steel tut)e used for tile low-

l)ressure section of the shock tube. IAthiunl

ttuoride win(lows _ in<'h in diallWter and apl)roxi-
mald S 0.5 millimeter tl,i('k were set flush with

the walls of the tut)e to permit tile light to pass
through perpendicular to the (lireetion of motion
of tile shock wave. Both windows were masked

to give apertures 1 millimeter wide t)3. 3 milli-

meters high. The windows were cemented to

t,he ends of remowdlle i)lugs so that t.hey could

t)e I'requl, ntlv tel)Ill,eli. They were in,ver l)olishe(I

nor (:leai_ed in any way. l{ephwement windows

were ahvays freshly cleaved from a '_-in('h-diam-

eter cot.', of lithium fluoride. After lhey were

(,enlente( in place tile edges w(,re smoothed llush

with the metal and they were ready to lie use(I.
The t.hock tat)l, has t)('l'n dest'riht,d t)v

Schexnayd(,r (ref. 66). It has two drivl,r sections

and a lfi-to-1 area c(intra(.litln just hi'fore th(,

second diaphragm. The high-i)ressur(, chamber

was filled wilh h(,liunl or hy(h'og'en to al)out 100

atmospheres and the middle ('haml)er was tilh,(I

with helilml t() I)rl'SSUV/'S ranging from _" to 1

atmosph,re. The high-pressur(, (lialllmlgms were

_.i',vin('h-thi('k steel plates; two saw ('uts al)oul
eleven lhousnn(hhs of an inch (h,l,p win'l, ('at on

(meh l)late in the shape of an X lo i)l'mnole (,,sy

tearing of the melnl and so that the remaining

flaps would tlattt,n agains! tin, walls out ol' the

way ()[' ihe tlowing gas. Both Mylar fihn and
st'rib(,d br_itss shinl Sll)('k were used f()r the set'lind

dial)hragm. Somelimes th(' set'oral diaphragm

was omi ted hi ()rder i() work in a lower range of

shock stll,ngths, lu this cast, lh(, middh,-ehanll)er

gas wns he same ns lhl, gas imdev study.
O1)era iOll o[' the sho('l,: tulle was initialed hv

building Ul) the I)ressure in lhe lligh-1)resslm,

(.llamt)(,r until the steel dial)hragm rul)ture(t.

The sho,.k wave 1)ro(ht('ed in the mi(Idlt_ chanlher

t)roke tie set'and (tinl)hragnl and retle('ted I'r(ml

the area (.(tnlra(qi(in. The resulting region ()1' hot,

COml)res:ed and essentially molionless gas served

as the d i.,',' _,ts 1,,,' the rtml:tind/q' of the sho('l_
tul)e.

The t)ressure in the l-ineh-diaml,ter portion of

the sho('k tube was always determined by lit(,

partial irl,ssure of oxygen m,('essarv to give a

('onven [( nt amoun t of' ultraviolet light absorpt ion.

At 1,550 angstrom units in oxygen this pressure

was at/o d, 0.3 millimeter of m(,r('ury and at th(,

same w;tvl,h, nglh in a mixture of 10 l)er('l'n!

t)X3"ffOll ill _ll'gOll it was about 3 millinlellq'S. The

low-presmre section was atwavs l)Uml)ed lo 21)
microns (if nmreury bef(we tilling and was raised

to the (h,sired initial pressure tly a(hnitl inff t he gas

mixturl, through l_ leak valve while continuing the

pumping'. Thus, the tests were made in n sh)wly

flowing gas. The ell'el:iS of residual vapor 1)res-

sures and small air h,aks were minimized by this

pro('l,dure. The leak rat(, of the slm('k tulle when
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vlosed off from the pump was 1 or 2 microns per

mill Ut O.

The data ne(!ossar 3- for the del(,rnlinalion ()[' the

stato of tile lest gns were:

(13 The initial gas temperature. This was

taken to be the same as the teml)ernturo of the

shock-tube wall luid was measured to ±1 ° _I__

with a mercury-iui-gbtss thernmmeter.

(2) The initial gas pressure. This was

measured to ±0.02 millimeter by two gages, an

Alphatl'on vacuum _o'a<q,_ and a 5-nlillimeier llg'

dinl <m<m Both <,'a,,',,s were calibrated against a
i", t", ' e", e"," •

_h'l,t,od _,,'_1,_¢<*,and nlways ngreed well with each

other.

(3) The composition of the gas. Tank oxygen

which was guaranteed 99.6 l)ereont pure vcns used

for the runs in pure oxygen. The l)Crcentuge

of oxygen in lhe illixltlve "o,'Its lll(qlSllred to l)o

10.07±0.10 t)ereent. A lnnk of dry nit was usod

for the runs in air. All gasos were pnssed through

:tn avtiwtted alumina filter at lnnk ])l'essuro Iwl'm'e

elltorhig tim shock tlit)('.

(45 The velocity of |11(, slioek wltvi,. This wns

nl(,lisui'(,d by revordhig tho lhne jr|rot'viii t)otwepn

siglials l't,eoivod [rolll ionization 1)rotms (rof. (i7)

hwated 5 iilches in fronl of and 5 invlles t)ehind

the Itl)sorlition windows. These prolms sensed
llio sinall IllltOlllll of ionizlilion associated wilh the

shock [ronls. Tho l)rotw signills wor(' hi)plied tit

the _rids of type 21)21 thyz'alroll tubes as shown in

the circuit diagram in tigm'e 25. The pulses

produced by the thvratrons were fed into a

Berkeley counter which recorded the lime in-

tervlll tmiweon lhe pulses Io _1 nlieroseeolld.

The pulse fi'oiil lhe first lhyi'lilroli also triggered

the lig'hi ttllsli and the horizoiiial sweep of tile

Toklronix Type 545 oscilloscotw used to displny

the lflmtomultiplier si<g'l,d. The ionization probes

])rovod to be unreliabh, for detect|ritz shock waves

4oo_

! >500K

-300v dIC Output +250v d-c cO.OiJ

to IlOv G - c

counter

t¢I(;IRE 25.---Singlo l)ulso gen(q'Mor trigt.r,l'rl'd t)",' ion probe.

6"t65S7 62 .... 4

which l)roduct'd loniperatures t)(,low llt)oul 4,000 °

K. An lil tonipl was nlado to obtain data :it

lower t(,nip(q'litures t)v using tile ionizalion pi'olws

|is glow diseiillrg'o probes in the lillillll(T described

by Lundquist (re|. tlS). This effort WllS foih,d by

premltlure li'iggerin g of the thyriill'on tutm

asso(,iltted with llie so('olld l)ro't)e. The tl'()lll)l(,

wits (,ausod })y inl(q'fer(in('(, produ('od |)y lho heavy

(?ill'l'Olll disclilirgo through the light SOlll'('(N _ill(.(,

lli<_gin_ lidjusllUolil o[ tho vii)rational degree ()1'

[reedonl of ()XV°'Oll wouh| invalidate naomi, if IIO1

rill, of the rllllS bolow 4,000 ° K, lho offOl't veil:.;
Itl)illldOllt,tL

A gl'iiliii_ liiOlio(,hl'OlltnlOl' was used io seh,ci il

liillTOW tmiid of wavehqil£1hs (.onlerod Oll lho

wiivl, hqlgt]l Ill which tllo li})sorplioll eoefl]('ienl

%V_lS |o lit! lii(qiSllr(,(i. Tho liiOiio(,hronl_llor WilS

designed lind COllsli'llclod nt tho Imilgloy ]{(,selir('ii

(_ontel'. It wll,_ shnilnr 1o iho inslrlnllonl do-

scribed I)y i_lir]iilison luid 1,Viilitilns (l'(,f. 60) lind,

like theirs, the ouipul wlivoh,nglii wits varied t)v

rolnlhig" lhe ]rlilhil£ rlither lhliii sliding it lilon 7'

lhe l{ov;ilind uh'ch,. Tho diligl'llnl and equlition

showII ill fig'lll'e 2(i give llie oss(,illilil dosigii

ilit'(trliilll iOll.

'i'll0 2-illch-dillniolel' nhliltilillni-on-giliss griilhig'

had it radius of ctlrVallii'(! of 3.q._S_.:0.(10<_

centhnet(q's. Ii was ruled lit 15,00t1 lines l)oi'

hwh over till iil'l,ii of 1 t)y a/ it|vii, li wits blazed

to eOlleonli'al(t iitosi of tim light in tho th'st-order

diffraction l)liitel'ii. Tho dispersion wns 0.0939

nlilliniotor pot lill_Stl'Olll ovof tim wltvt, length

1'I1i1l._e used.
Both the olill'lilWO slit ||lid the exit slit w(,rl,

located 2 in('hes off the ('OlltOl' line lllld Ill fixed

1+)111 llll0(lllill dislanees fronl the axis of l'oillti()ii

o[ lhe g'rltlin 7. The design waveh, nglh wl/s 1,5,C#l)

iillgslroin unils. Tim ('ol'resl)OlldililZ vilhies o1' .s'I

,-Rowlo_dcircle

Lighl..,'"'o-,, ii
,  en,e,,oe

FU:trRE 26. l)esign diagram for ult.raviohq monochrom-

at.or, x,d/, entrancv slit position;x2,y, exit. slit. posilion;

nX s(sin f sin i).
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and .r2 were 15.524 and 15.331 inches, respe('lively.
At 1,590 angstrom unils the inmg(, of tlt(, (,ntran(.(,
slit was foeus(,d on the exit slit• Wh(,n (b(,

gr)lllllg Was l'olale([ rroln the (|esiglt position tht,
vaJues or ,r( and .r_ mentione(| were no long(,r

('orre(.t, and the image railing on tit(, exit slit was

()u! or lo(.us, sin(,(, tit(, (h, fo(,using was small ov(,r

lit(, wavelength rang(, of interest and sin('e photo-

muhil)li('r d(,t(,('tion (|o(,s not requir(, a sharp
image, tlt(, only important ('fie('! was a shift of th(,

('entra] wav(,lt,ngt]t or tlt(, transznitted band l)y
about 1 angstrom unit )(( lit(, limits of tlt(, (lesir(,d

wav('h, ngth rang(,.
'i'll(, wi(lths or tit(, (,ntran(,(, and exit slits w(,r(,

both set at 0.010 inch• For equal slit widths the

int(,nsity distribution or transmitted waveh,ngths

out of a ('ontimmm of uniform intensity is tri-

angular in shap(,. The apex of tit(, triangle

r(,pr(,sents maximum transmitted int(,nsity and
o('('urs at ttn, ('cntral wavelengtit. For the slit

settings m(,ntioned th(, intensity dropped to
one-half tit(, maximum value at tit(, central

waveh, ttgtlt ±5.5 angstrom units and to zer() at

(lw ('(,ntral wav(,]ettgth ± I I angstrom units.

S(,lertion of a (h,sire(l wavelength was a('('om-
plished l)y tn(,ans of a ('alibrate(l mi('rometer s('rew

which moved an arm atta('hed to llt(, grating.
Th(, s('rew was ('alibrat(,(l in terms or wavelength

using lines front the Sl)(,('trum of mer('ury down
to I,N49 _llt_ZStl'Ottt units and tlt(, resomm('e line or

xenon a( 1.470 angslrom units. The ralibra(ion

points showetl excelh,)tI agr(,emen( with a s(r,tigh(
line (h'awn through (h(, l)oints.

In ()rder 1o avoid al)_orption of the ultraviolet

light by the oxygen l)r(,sent ht air the mono(.hro-

n,ttor was built in a va('tmtu-tigllt (,n('losur(, whi('h

was maintained at a pressure of I mi('ron or less.

To illuslrut(, (he importan('e of maintaining such

_t h)w l)r('ssu)'(' ('onsi(h,r (h(, ('ah'ulat(,(l al_sorption

at 1,450 angstrom units in (h(, ,i)l)roxinmtely 45

iuriws of light path Itetw(,(,n tit(, sho('k tul)(, and

lit(, l)hotomuhiplier. At I mi('ron, 3 l)('rl'('nt of

(he light was al)sorl)e(], at I0 mi('rons, 12 pert'!,n(,

au(l at I()() nfi(')'ons, 7',> per('en!.

A l)umon( Typ(, (;292 l)hotonlul(iplier sensitized

for ult)'avioh,! l)v a ('oalin_ of sodium sali('ylate
w,s n,))mted at)out an in('h fr(un tlt(, ('.,(it slit of

(he)llono(.ll)'o)na)o)'. '['he glas_ (,nvelol)e was in
va('uum; the base was in air. The va('uum seal

was made by means or a neo])rene "()" ring a(

lh(, jut|!'lure or th(, glass envelope anti the base.

Tile ris( time of tile photomultil)li(,r OUll)Ut ('ir('uit
was al)out 2XI0 7 st,!'on(Is and the rise time or

lit(, T(,kt ronix Tvj)e 545 os('ilios('oi)e used (o r(,('or(|
tit(, ligt! signal was I0 -_ s('('ollds. Th(, !ransit

tim(, of the sho('k wave a(')'oss tlt(, light path was

2XI0 ; se('o)t(ls (o 5<10 7 st'!'on(Is, ([epen(li)l_

onthesm(.kvelo(,ity. The lineari!v of (he ()utput
('urren()ts a ru)w(ion or |flu)hi]ration w.s (,xamine(l

using (l (ta pul)lish(,(l by lit(' )nanufa('tu)'e)' ()'(,f.

70). 'l'_)e voltage was usually set at 150 volts

l)('r stable except fo)' the l)o(e)t(ia] })(,!ween tile

<'atho(h, and the first (lyno(h, whi('h was tna(h, twice

as high as tl)e intertlyno(le l)olentials. The sig-

nal ('urr(,nt was of lit(, o)'(h,)' of 2 nti]]iamper(,s and
the voltage (livider ('urren! was al)ou( (; milli-

aml)eres. The last two dyno(le stages were

bypassed to avoi([ (h'g(')wralio)l (iue (o the signal
('urrent flowing in th(, (livi(h,r. l,i)warily was

|)erie)' titan l ])er('e)tt.

The )mil'ornl quantunt (,flit'ten(. y of so(liu)n

sali('ylate as a runt.riot| of wart,length an(l the

t)elief that its fluores('en('e lifeti)ne is short enough

(o pe)'ntit its use as des(')'ib(,d above have ah'ea(ly
been merit tone(l.

The light intensity as a l'u)wtio)t of time was

(lisplayel on the s(')'een of lit(, os('illos('Ol)e and

was l)]l(,(ograplw([ l)y a Polaroid Imn(l ('anwra.

Figure 27 shows fotlr (ypi('al)'(,('())'(is. The t)'a('es

labeled "Varuunl" show (he intensity ot)tain(,(l
with va('uum i)t the sho('k (ul)e; tit(, traces lal)(,led

"initial pressure" show (he intensity obtaine(l
with the, ((,st g:is )it pressure ])_. Tile (r'wes

labeled "Re('or(l" ('o)'r(,sl)Ond (o those )n)t)'ke(l

"lnit ial ))'essurc" but show t tit, sho('k wave passing
!]lrough lhe absorl)tio)l path. "I'll(, (ra('es lai)(,](,([

"S('a(ter,(l light" w(,)'(, (,ken with lit(' mot.)-
('])ronmt)r filh,d with air so thai an ('st|mate ('ouh|

l)e oi)(am('(l of it., amount of s('aller(,d light
1)assing hrouglt the mono('hromator.

Th(' h,)t gases l)('hin(l sl)'ong sh()<'k wav(,s are

known t(.('lnit visibh, lighl and h()! ()xyg(,n in)(y (,mit
some ultraviolet light also. |low(,v(,r, no ()'at'(, of

(,mitre(| ight was obs(,rv(,(i on any of tiw oct'as|!)hal

runs for which the ult)'avioh,! light sour('(, faih,d

to opera (, i)rop(,rly.

DATA ANALYSIS

Data needed.--E(luation (13) silov,ed tltat tile

(lala n(,(,ded 1o (letermin(, the absorption ('o(,[ii-

tit,n( at given tempe)'atur(, and wavelength were

the ratio of (,mt,rg(,ni to in('i(h,n( light intensity
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TI: 29'7 ° K; PI: 2.00 mm

MI=9.49; TII: 5,195 ° K

7"i = 300° K; pi= 0.58 mm

M I = 9.06; 7"ii = 5,996 ° K

Scattered

light

Record

Initial

pressure

Vacuum

-4..

t--

t--

Scattered

light

Record

Initial

pressure

Vacuum

23

Time --_

Air

X = 1,550 angstrom unrts

Time -I_

Oxygen

_, = 1,550 angstrom units

t-
Q)

E

7"i= 299° K;/9i = 3.79 mm

MI = 8.43; TIX= 6,291° K

Scattered

light

Record

Initial
pressure

Time --_

I0 percent 02 in argon

k= 1,400 angstrom units

l;l,;='ltE 27. Tyl)ic:d sh_('k-tut_c r*,cor(]s.

immediately l>eltin(l the sttock front att+([ Ill(' cor-

respotldit/g product of redttce(| gas density and

absorption path length.
Description of analysis methods. The diagram

in tiguve 28 illustrates the measurements mnde on

the oscilloscope records. The inletlsity 0r, was

TI = 296.5 ° K; PI = 4.00 mm

M I = 8.37; TI1=6,1470 K

t
u}
t-
eD

¢-

Record

Initial
pressure

Vacuum

Time -I_

I0 percent 02 in argon

X= 1,700 angstrom units

Tint(' base otl all re(,or(ls is l0 itii(,rosecol_(t.s per t,+:,tllilll,t,h'r.

the inh, nsitv whicll vcouhl imve i)een observe<] if

there had been no absorption of tthraviolel light
in the shock tube. Be{muse of the lack of re-

l)rodt]ci|)ility in the iHtensity of titt, source from
one flash to another, the value of d,, obtained from

the trace corresl)otnlin_ to vacuum in tit(, shock
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,- No absorption

Jo

_1/ ?)
Zero signal trace "

The density and h'mperaiure behind a nornml

sho('k u ave can t)e calcuhth,d from a knowh,dge of

the s]l()ck veh)cily and tile llwrmo(lynami(.

l)roperties of the gas. The following conservatiolt
equations and tit(, equation of state are the

starting point"

I) ('onservation of energy,

Time

tq(;VRE 2,%--- l)iagram ilium ralillg measurements made on

records.

tube was imtccurate. The following equations

were set Ul) so that Jo wot,hl not be re(luired:

J/J,,= exp (-- ki_ i1)

*)/[[,""*]o UX[) (--)_'li;ll/)=OX[)(--_'[[O'/_i_ )

,]IF,]. (.1. ;11) (,l/,l.)- (JH JO ('Xl)(-ki_j)

l ^ A'{'n :--('api[) Ilog_ (J.J_) k_p_/

Finally,

,_AI I __(li, o. ) E_.I log< (J,gJ,)']_
/r'_'p xl .-]

(14)

The quantities required for the evahmiion of the
A

high-ieml)erature absorption coefficient kit fl'Om
eqtmlion (14) were:

(I) The shock density ratio, _ PH,,'"D[

(2) The r(,om-tontperalure absorption coelti-
A

('ienl, '('i

(3) The maximum value of kT(X) at 0 ° K, k,7

(4) The lighl-intensity raiio across the shock,
4,,',/,

(5) The ratio of the inilial oxygen ('oncenlration

Io the ('oncent, ration of oxygen in lhe gas
at 273 ° K IIll(I 1 atnlosl)h(,re pr(,sstir(,, _1

(6) The absorption path hmgth, /

Values for ]ct were ot)lained frolil the corrected

IBM calcuhltions shown in figure 19. The

intensities d_ and JH were taken to I)e 1)roportional
to the distance of the sigmil trace ['rom the zero

signal trace on photographic enlargements of the
original records. These disiances were of the

order of 10 lo 50 mill(reelers -t:0.5 lnillinieler.

Except for the at)sorplion path h,ngth, / 2.54

±0.1 centimeters, the remaining items to be
evaluated were a 7'1,, and "pl.

/ 1 _ , . 1 ,
_114 m)+6 Ul =,hi(P,,, 0,,)-F,)- .._ (15)

(2) ('onserwHion of nlomentlmt,

])I q- Ol_tI 2 --Pl1-4- PlIHII 2 (1 6)

(3) (!onservalion of mass,

pPq-- Ouu[[ (17)

(4) F,(tuation of state,

p olgT'(l+,_) (lS)

Froth these e(lu,Hions the following expressions
were |'O:llld :

,=_TH--I eL yl.l/l O \2_7N 1!

* _ I,' 2

t.fr(l+T'M'_)'lt]'_--(2_"--l)[M''+'h±7]}LT,M,

(l,())

i i-- (20)a--pH, pi MI, MH

(I-LG) TH _'7 [(l_/,') "_7' 1 - =_Isl/II --'_lITi- i J
121)

i

Equa ion (21) was solved fro" ]lln as follows:

I _ T,M, e F/1 -_TI*][I2"_ 2 (l +(7£) 7'1I] '12
: i1 =- ,. -- _ -- (,>,))

_TIi]lt Lt 2TtJ/i } T, TI -J ""

A grapldcal sohition wits ol)hiined I)y plotting

OqlllttiOl S (19) Itlld (22) Ilgilillst 7ii I11 II. ('OllStitnt

wllue o MI. Corresl)oilding vahles (if .1"_7Iand

TH were then read off the l>hils it| lhe int.ersections

of ctirv(s ot' eqllitl .1_i. (_i'oss plois of Tn Illid a
its ftllit'l{ons of J]i lit li ('Olishinl vahio of a were

lilado fr, lin the results ll,iid sonic typical plots are
shown ill _]glll'('S 29 and 30.

Tile three gas niixlures used were air, oxygell,

and a lnixture of i0-p(,l'('elll oxygon in itlgOn.
('a|culations of Tsi and _ for SOllle of l]lese mix-

lures }rove |)een published in references 71 and
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IO,OOC - --

8,00C

6,000

TII,"K

4,000

2,000

0

I0,000

8,000

6,000

TII,°K

4,000

2,000

0

I0,000

8,O0O

6,000

TiI,°K

4,000

2,000

O2 vibration excited / IO

-- -- -- Constant 7 /
o Ozvil_'otion excited (Byron) / /

O O2vibrotionexcited(Griffithond Kenny) / /

2

_ I l I l L ]

0"2vibrati°n excited /< /

-- Constant 7 // ,"

--- -- 02 or)d N2 vibration excited //_ /

0 0.2 vibration excited (Byron) // ,, I0

u 0 2and N2vibrGtion excited (Byron) // /

O ConstontT(GriffithandKenny) ////////

b

I j (b) ;

(c)

#
0 2 vibration excited //

Constanl 7 ///

//'

A///

2 4 6 8 I0
Shock Msch number, M]

12 14

('0 ()xyg(m.

(t)) Air.

(c) 10 percent ()_ in argon.

I"I(;URE 29.--Calcuhtte([ values of temp(,r,ltur(, I)(,hin(l

,'q,,ck fronts. TI--3()0 ° K; o_ 0.

72. These res,lts art, also shown in figures 29

and 30 for ('Omlmrison with tim n,sulls obtained
herein. The ('urv(,s shown in th(, figures art, of

thr(,r types. One is lal)rh,d "('onstant 7" and

is bas('d on tim assumption that only the lnms-

httional and rotatiomd (h,gr(,(,s of fr(,(,dom of tlw

mole('uh,s are ex('ite(l. A s('('ond tyl)(' is labeled

"()2 vii)ration ((x('it(,([" and is ])as('d on lhe asSUml)-

lion that the vibrational d(,gre(, or fr(,c,(lom of th(,

oxygen moh,cuh, is (,x('it(,d in a(hlitio)l to th(,

--- Oz vibration excited
-- --Constant y

o 02vibrohon excited(Byron)

D> Cons)on) ),(Byron)
0 2 vibration excited (G_riffith and Kenny)

v Conslonty(Griffith and Kenny)

_._.___3 _-c_- _ ....

(at
i l l i i i I

0

tO

8

b

d
=6
o

>,

-- O2vibrohon excited

c-- -- -- Constant 7

-- - --0 2 and N2vibration excited

o 0 2 vibrohon excited(Byron)

[] O2ond N2vibrotion excited (Byron)

_' Constant 7. (Byron) ...0 I___-- -_-_'-_

Constonl y (Grit filh and Kenny]1..m..-

(b)

-- O2 vibration excited

-- -- Constant y

g 4 __

2

(c)

0 4 6 I0 12 14

Shock Moch number, M[

(a) ()xyg(ql.

(It) Air'.

(c) 10 t)('rc('nt ()_ ill argon.

l,'[(:('_{r: 30. C,dculat('d v:tlu('s of dt'nsi(y h('hind ,,,hock

fronts, o_ = ().

transhdiomd and rotational (h'gr('('s. Th(' third

typ(' apl)li('s only to air and is l)as('(l on tlm

assumption lh,tl vit)valio)) is rully (,x(,it('d l'or

})oth oxygetl an(l )fi(rog('n. Th(, altar(, assuttq)-
lions (,nt(,r into th(, solution o1' (,quations (19) and

(22) llH'ougll th(' (,nthall)y l'utwliotl n in equation
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Ill)). Vit)r_ltiotmlly unexcitod oxygen m)d nitro- Io0

Ken were both assunwd to hay(, _l Sl)('eifie-heal

r_tlio ol' T--1.4. The vahle -y 1.67 was used ror _,:,,8c

_trg'on. For the c_tses in whi('h vil)t'ationnl ('x('i-
tntion ",v_ls :lssutlled ror oxx-_on, or nitro_t,n the 9.,6og

enthnipy d,tt)_ wero t.l.:on I'r'olu reference 7:-I ror
lOliip('rllllll'tL_ lip Io 5,11{)0 ° K alld rl'()lll ro[ol'Oll(,i, _40

E

74- l'or tenil)('r;tlures l)elw('en 5,000 ° avid l(),(){)O ° K.

Excit+tti(m or ll.' .(IA+) nnd b(i"+_) oh,ctroni(' +2o

sl,tt(': v..'ns l'mmd I() li_t'<(, +t n(,g'ligihh, elr(,(.t on
l

(hi, entlmll)Y I'm' tl.,se t('Inl)erntm'es. It "was o-- 2
pointed out l)reviously, howev(,r, that excit,ttion
o( th(,st, st_ttes li_ts ,ttti hnportttnt efl'e('t (m the

distrihtntitm oi' th<, oxyKcn n+olectde+ over tho
I0©_

vihr.tionnl h,v(% or tho initi,I (%('tr(mie st+tte.

Fur _t given shovl.:-ttfl)t, test o.lv ono or the ++c
,(hove _tssull_l)tiotts vorresF, on(h'd to the actual

condition(.+ im,s(,nt h(,hind the sho('l.:. In ti_ures ++
g60

31, o-,'+'>und 44 ('Xl)('rimentnl mid tl.'tu'etiuM v_tlm,s

of th(' li_'ht, tl'unsniissiort are cotupnred. Th(, _,4oa
v-lhe()reti('+d curves are l)+tse(l on the ,tssttnq)tions
,5
o
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(at
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()f lir_]tt f'.)t" OX3"Kt'lI-tIl'_Olt tnixtttre.
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\ o
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E

24o
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before shock wave posses +/0.04

\ .°2
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0 Shock + tube measurement

(e)
_ i I i i ;. ±____
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I_'_ +, l,,O0:.ul_str(;.tn trails; I"I=3 ndllitm'ters.

I"H;t m,; 31. Cot+tinuod.

mt, ntiot (,d _,)ltl on the h('st estinmt(' valu('s of _"

which trt' listed in hd)le !. Note that tabh, 1

vontaitt+, iwo setsorbest esthmttt, v;thws. ()he of

(host' (')rr(,sponds to ex('it_,tio)_ of tht, .\'(:+E_)

('h'(,tt'ot)i(' state only _trn(I w,ts used for the oxy_en-

,,,.got, (,ut.v(,s. 'n., other (,orrt,spot)tls to (,xt,it+l-

ti(m or the a(L%r)and b('_ +) stnt('s as w('ll _tt_(t

w_).s used for the uir _trt<l purr, oxy_(,n t,urv(,s.

t{es( a_rOelll('llt hetween theory and ext)erhu(,t+t
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i i

14 16

(g)

8 10 12 p4 16

Shock Mach number, MZ

X= 1,600 angstrom units: p]=-| millinl,,t(,r.<

b'l_;vltl-: 31. Coniimmd.

was obl_fined in this way. Exnmirmlion of

tigm'es 31 and 32 shows thnl dissovinlion nfl'ecled

Ihe magnitude of the measured light inlensily

jumps at the highesl h'ml)erntm'es. In order to

m'vounl for this Ihevah'uhtlionofkH I'rom equa-

liOll (14) wns modified as shown in appendix 1).

The nmmining qunntity to be ewduated was

_,. From equation (lS), p, 0,_1_'I', _md lh

p,RT'l, where the subsvril)t .,_ refers to standard

_ltmospherir vonditions. Thus,

A
P, = gP[sP,= (PIll&) ( T.v"T,)g (23)

Summary of data analysis. The dnln nnnlysis
can be sumnmrized ;Is follows:

(1) ._tii=(l,',_) [-_" Io_,, (.1./,1_)-] (with modifi-
L"' z.:;,_,,/ J

rations from nl_ln,ndix 1)) 0'q. (14))
(2) Tu mid _rwere obt_fined from figm'es 29 nll(l

30
A

(3] k, was obtained fro:n figure 19 (('re'retted

IBM values)
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"_0 2 vibrahon excited

oShock-lube measuremenl

(i|

' ' _ b _ ' '2 4 6 I I 14 IG

Shock Mach number, M I

(j) X=1,750 :t]lg.-tr,m_ units; lq=5 milHm,,l:,r_-.

I"I_;I'a_,: 31. (!,)neh_dt,lt.

(4) dn,/',l[ was ewdmtted fro,t,,lhe o,:<'i!los<'ope
]'e<'ords

(5) _,-- (p,/'p_)( "l'j'Tr)ff (eq. (23))

(6) The +d>sorption lmlh len[zth / wr.s nlw+tys
2.,54 cetdimeters

(7) X, T+, and Pt were r<,<'orded +tt the time the
data were inken
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b'[_;t IrE 32. (Talct]lal(,(t and ohst,rv,,(t l)_,r('(,nt tra,_,_ lissi(m of light for oxygen.
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l"mvlt_: 33.--C:dcuhtt('d and ohs(,r\'cd I)(,rc_,nl tral_smi:sion of light for air.
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PRESENTATIONOFEXPERIMENTALLYMEASUREI)ABSORP- 1.0

TION COEFFICIENTS

Cros_ plots of _' as a function of teml)erature at .8

l ,:{0(). 1,35(), . . 1,7;_0 tll|gSl[l'OIll units Were pl'e-

pnred I'rom the digitnl-eomputer results and nre
.6

show. in figure 34. These serve as a comparison,, 2,
I)ncl<grt)tlnd for the exl)erimentnl values of k, that,

.4^

is, kit front equation (14) F()T' ('Oml)h'tenes %
('ut'v(,s .re shown both with and without the efrect_

or liT(, ('ml)iri('al ('orre('tion fay varinble ele('troni(:

trmTsition prol)nhilily mTd both with and without

the assumption of complete equilibrium of initial

ele('troni(: stules. In a(hlition, hest-estinntle (:urves

are shown for wavelengths slTorter than 1,375

angstrom units. For wavehmgths longer than L0
1,375 nngstronT units best-estimate curves are
identical to ('orre('ted I BXI ('tlrV(,s.

.8

I)ISCUSSION OF RESULTS

PRELIMINARY REMARKS 6

.ks was lTointed out previously, Iioth theoreti<'al '_

and ext)erimenlnl nl)proaches were made to the .4

prohh+m <)f delen'mining tlt(, t,l[tv't o1' temperature
oft the absorptiotl co(dli(.i(,nt. The Fran('k-(!on-

don prin('iph_ which underlies the theoretit'al treat-

ment is well establisht+d m.I has proved ovor the

years to t)e ('hi)able or n('('tn'ate prediction or

trnnsitiott prohnlfililies when all the l)ertinetit
fn('tors are known. From theoutsot theintenliotl

of the pt'('sent iTlvesligatioTl Was to ('nh+ulate the to
leml)erattzT'e del)t'n(h'n<'(_ f'T'onl tit(' theoreti('nl

treatnTenl and thetl to attetnlTt to verify Ol" to .S
disprove tlt(, results l,v ('Xl)erimeTtlal menSttT'elnelit,

LOF
[ o I0 percent 02 m argon

/ 0 Oxygen

.8 k- -- Best eshmale
i

.6 Uncorrecled

Only X(3Eg)stale exciled_

6.11states excuted _ _
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0 I I I J I I

5,000 4,000 5,000 6,000 7,000 8,000 9,000 I0,000
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(a) X=1,300 angstrom units.

FIGURI,; 34.--Absorption coefficient of molecular oxygen

as a function of tentI)erature at st,h,ctl,d v,av(dellgths.
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FIt;U/IE '34.--Continued.

of the absorption in a shock tube. This program
was car.:'icd out satisfactorily.

At, most wav(th_t_gths and t(,mperatures the

agreement between theory _md experiment is

good enough to show that the theory is essentially
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];uium_ 34. C,)nclu,:h,d.

correct. Wherc_ disa_zreemenls exis! plausible

explanations are available. Because of experi-

mental uncertainties and the possibility of sys-

temalic errors, the corrected IBM resulls were
selected as the best awtilable estimale of the

absorption coeflicienL except in tim arens where

experiment showed deft]rite disagreement with

theory. Empirical curves based chiefly on lhe
observed absorption were prepared for use in
these areas.
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COMPARISON OF THEORY AND EXPERIMENT AT ROOI_[

TEMPERATURE

The three curves in tlgu,'e 35(_1) show the results
of tilt, three theorelival calculations at 300 ° K.

Since tilt, experinlental results did not include

any vahles at x'oon_ tempez'ature, the data of

references 1 to 6, shown in tlgure 2, were reploited

in tigure 35(a) for comparison with the theory.

In figure 35(b) the referent'e data nre compared
with the IBX[ lheoretienl curves both with und

without the eml)iri('M corre('lion for wu'iation ()r
the eh,t,tronit, trnnsition probat)ility with inter-

nuclear distan('e. Note that the peat,: of the

corrected ('tll'VO rises hight, r tlmn tht, value

kg' 400 cm-L

In tigure 35(n) the wnveh,nglh nt which maxi-

InUre abSOl'lHion ocm_rs is 1,45(I nngstz'om units

for the IBM <'urve nnd is 1,455 angstrom units
for the other two curves. Figure 35([)) shows

lhal the corrected IBX[ curve has a very flat

l)eak venlered nt aboul 1,430 angslronl mills.

The experilnental peal,: livs somvwhere between

1,4()0 nnd 147.'5 allgslroln u.ils, and thus it is

nol lmssit)le to distinguish between the calvuhtted

peal< vnlues.

Theo,'v and experiment ngree well on the long-
wavelength side of the curve (1,45(I It) 1,750

allgsll'Olll I1 fit:) th>wever, the scatter o[ tim

5001
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(I)) (_(HIIpal'iSOIl of vxpprimental data and e{irrm't_,d and

uncm'n,el_,d 1B M 70-I dal a.

I"IfiURl,: 35. (!om, ludvd.

ext)t, rin'en aI points is too _]'mtt to l)m'mil a
ehok'e to be made nmong the various them'ins.

b]xeept for the corrected IB31 curve, theory and

exF,eriment do not ng]'ee on the shortlwavelength
side (1,250 it) ],450 angslrom units). Nole l]:at.

the ahsorplion eoelFu'ienls measured by three

independent investigators fl'el's. 1, 4, and 5)

show the rapid drop of the exl)en'imenlal points

in this re, ion. This is convincing evidence thai
flu, devinion from thr lnu,oreli(.al curves in

figure ;'15(_) is real. IAItle signilicance nan I)e

all,wheal I) lhe agreemenl in tigure $5(t9 helv,een
the ('orr(,(.t,(l IBM (:m've n,,d tim ttnl:t t:eem.:se

the cm'vee ion was desigm,d to n:al<e lhe curve

ti1 the rocm-temt)eralure daln.

(',mmc and Vnuglmn (ref. 9) measm','d the

room-leml,prnttH'e nl}sorl)lion tit 1,470 nngslroH_

units. 'l'lr {'xa{'l vahu' round wns no! Fiv{'n, hut

the va]tte t _}::::;I)7 {'hi _ was d{'riv{'d I'ron_ llw sh}l}e
of th{, lh,{,i's l_lx',"t)1oi shown in [ig_ll'{, 7 of rel'{'r{'nc{,

,q. This i_ s_nalh,r titan {}lh{,r vnhr{,s r{'porl{,{I in

tht' ]it{,rnt H'e, whid_ rnn_zrI'rnm :'6:'; to 465 cm '.

The t)esl-t_litmtle value of /,',, _!1 1,47tl nn_slrom

units nnd }0(1° I': frol,, the work rrporled h,'re]is
4tl0(0.940) ::::{7ti cn_ _.

COMPARINIIN OF TFIEOI_Y ANI) EYPI';IIIMENT AT t11(;1t

T F] _,1 P I','1{ ATU It E

The eXl:erin,,nlnl results at t_iFh tplI'F¢I'IllllI'I,

art shown in fiFurr :H. 3,s _'._:s I_!m_liom,(I
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proviously,rtho conlparisotl cut'w<,s are cross plots

of _" against temperature and are 1)ase(1 oil t)oth

correcWd and uncorre<'te<l IBM calculations.

:Uternato curves are inchided to ilhlstrate the

effect, of t|le hick of coinphqe e×citaiion of the

initial electronic slates. Below 1' "_-_,{ ¢ ,) llli_Stl'Olll

units Ill<, |)esl-estinlate curves are also shown

because they arc not identical io the corro(qe(I

;IBM results in this let_h>n.

lit figure 36 lho hfT/l-lolllp(,l'ILttire ai)sorp(ion

coefficients lll(,ltSill'(,(I ]iv ('Itlllll(! li. llt| "VilllThllll Itl'e

conlparell with the I>esi-eslinlalo theoretical

elll'VOS. As noted in ill<, ti_tu'o, tilt, dliht poinls

ploiled ill'<' I1Ol <'Xll<'lly Its tLiveli in rl'rol'OllCO 9.

The quanlit,y 69/<_ was addl,d to ouch point to

coinpoilsale for ilia rise of #_',=/J07 cln -I for tile

l'OOlil-lOlilI)erltltlre al)sorl)tion coeftlcieni inslead

of Lhe vahle ,{'0--376 Clil -i.

SOlllO 0[' ltl(' sho<Ji-lutm i'lli'lS WOl'O not suiltib|e

for Ill<, delerininalion of k t>eciuise vitlration wlls

liar in oqliiiibviHili bOlli/i(I tilt< , shock fVOfil. Gall-

orally such rilns WOl'O liol used although sOlile

exceptions wore inade for records oti W|lich onl 3" it.

short exti'apohtiion back to the siiock junlp was

required. All l'llliS were plotted in _gtll'eS 31, 37,

and 33, hOWeV(!l'. The noxt few parllgraplls

exphiin tiow the plols in lhcso tlglli'es Wel'l_ used

tO <{tq(_rlllillO which rtlllS s/IOllitl [)e exchl(le<l

because of t]le lack of vibrational equililiritnn

The descriplion of d_l ht-mm).vsis prooed ure gi yen

previously pointed pill that the 7"n lind ¢ vlilllOS

appropl'iale for iiic cilJculalion of _ front equation

(14) depend ill)Oil till, state of vibrational excita-

500

-E400

u

_3oo

_200

iO0

-- Best est,mate values; assumes exc;tationof X(3_:;)slate only

-- -- -- Best eshmale values; assumes excilatian of X(3Z_),

-- Experimental curve from Camac and Vaughan

0 1t4 percenl 02 m argon

Q I percent 0 2 in argon

-- ' 2p'O0 _ = _-
1,000 3,000 4,000 5,000 6,000 7,000 BOO0 9,000

Temperalure, °K

]_IGURE 36. -Absorption tactile|ant (if niolecular oxygen "is

It function of temperature at 1,470 angstronl unils.

])lllli, pOilllS ltl'O frOlll C,ItAII_IOlllld VItAIt$,h0,1I (ref. 9), Tile

quanlit, y 69/o" was added to each point becallSe k0= 376

em -I is believed to be more ne,'trly correct th'm k0 307

cm -1, which is approximatt,ly the vahte they used.

lion Of Ill(, compoi'ien/s of the Kits niixture beinff

tested. Ttio (;Olli|)lli'iSOli of observed lilJlt lriiiis-

mission lo l hai expected Oil the bnsis of the two or

thl'ee possible shitos of vibrlllioniil excitiltion is

the niosl iinporlant shl_le indiotition oil" ilia llctuli|

state of l]ie _llS ])uL is SOlllelililes /tllll)igIlOllS llll<]

nlisleading when unsupported by additional

evidence.

Ttie lialti Oll air sliown in fi_tll'e 33 are li 7oo<]

exmnl)Je of tJlJS. The four d_thl poJllls from lJie

lilernlure plaited in ti_/ll'O _{_{(li) seelll to s]iow l|ull;

oxv_oli liii(i iiilrogeli vibralion lil'e ltolh fully

excited for nil four points I)ul eXlllnination of lhe

os<.illos<_ol)e recol'<]s i'eVolilod relnxation regions

beliind lhe ]'i'onls of tile two slowest st|ark waves

whicti Inlisl t)o interprelell lis nilro_<qi vitirlllional

rehlxlilion boe.tuse of ilia dil'eclion of lho mljusl-

lnenl 0"of. 39, p. 9). Tilts Intlkes liie sliffhl upswing

of lhe low-speed points towlu'd the "()2 vihrlliion

excited" cilrve nppelir signifielinl. This cone|usion

is supported by tile nielisured poinls in figure 33(1)).

Tile ruiis shown wei'o ol)lliined ill ;I/i--10.1 or

below ill|d, its expected, lnosl of lhenl lira this|areal

close io ihe "()2 vibrillion excited" ciirve. The

nill'ogen vil)rilliOliil| ildjustlii(_lil wlis visible on all

ttiese recortls. X'o values for k Wel'<, at>ill|ned froin

die air recorlis tle<,lUlSe ilia slate of tile Kiis hellind

the siiock fronl wits nol well defined.

Figure 31if) s|lows thill betwoen ]11--7 iuid

][I--8 in oxy_ell-iil'_Oli niixtures lhe poinls turned

towltrd i|le ('Olisllmt, G/ CUl'Ve, indicltiing ltull oxy-

Ion vibrliiion was nol in oquilibriunl. This coil(,iti-

sion is sutisiltnliiliet| by the observation liilil lho

vibrlldonlil adjustnient wits clearly visibh, all die

corresponding records.

Vibrational relaxlltion was not observed oi1 iiliV

of tile records tnken in pllrO oxygeli. Also the

data points in figure 32(f') do not lurn lowlu'd the

conslanl 3+ curve lls l]iey dhl in figtil'c 31if).
These lwo stilhqileills botii indicate tilat vibril-

tiontll relaxation of ])lli'<' oxygeli was 1oo flisl to

obsevve on the |'poor(Is |liken. The previously

nlentioned iniibility of tile sliock detector slliiions

to hinclion properly below about 4,001/° |( pre-

vented the deterniiniition of ltie region where the

oxygeli points bend t owlird t|lo ('OilSltlnt "Y curve.

Tile net eI't'oct, of the libove observal ions rehtl iiig

to vi|lrlltional ildjustmenls wils io el|liSp lllOSi O[

the oxy_oll-liI'gon i'twords below 3/i=8 lo he re-

jecled. All the air i'll|iS were rejeclell, but il was
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not ne('essaIT 1o rcje('t any of the oxygl,u I'UllS,
altliougli II ]itlfiilllion UO doubt exists.

(!erl_lin general ehilra('l(,risli('s o[' the ol)st,rv(,d

data ('nrl lie broug]l( out more clearly if tiler ]ire

noted I)eforc I)l,('olning involved ill the dis('ussiolis
o1' till' individual Iiiixlures. -Xn (,x, minalion of

tlgurl, 34 rl, v(,;tls that:

(1) The values of ol)lilined frolu the oxygen-
nrgon nlixtm'es are always larger than those ob-

tained fronl pure oxygen. This follows _l definite

])ntlern at all wavelengths aml lenll)ertllures. Tile

data front either .<<.,is•are imt, rnally ('OlJSist(,nt but
disavre(, when ('onrlrare(I v<iih each other.

(2) The excess of _' varies with wav(,h,ng(h and

is gent, rally lllrger a( till' shorter waveh, ngllls.

,f(3) The excess or varies little, if llny. wilh
[ i'll 1])01'ill lIFO.

(4) The ('orre('l(,ll IBXI ('tll'VO, which ill tilt+

lOligl'r wuvehqlglhs Slilys till]to ('lose (o the lltl('Ol'-
i'e/qell IBM ('tll'Ve, falls l'lir lielow i( ill wave-

]enlaiils shorll,r Ill:ill I 375 nligslroln units. Boi]l
lh(' OXVglql illl(I lile oxvg(ql-ill'gOll ])OilllS show II

(elr(h,n('y to follow this Irerld ])ul (Io riot go ]is flil'.

This effe('t h'a(is to Ill(! ('Oll('hlsiOll thai lho ('OlT('('-

iioli is nee(Jell lint also ten(Is (o ('onlirln ill(, susi)i-

('ilin sitile(I ])revionsly ihlit lhe enli)iri('al ('orr'e('lion

is in)i('('tlrnle tielow 1.375 ltiigsll'oin ]ill]IS.

The following ol)servltlioris nl)Olll lhe ox)'gi'll-
tll'_LOli i'esulis til'(" l)llse(l oi1 ]ill exanlinlilion of

fi7ni'e 34 lind are res(ri('lod to \vlive]englhs ]oliger

lhlin 1,3"/'5 nngstr'oln Ilriils:

(1) Tile dliiii points ligi'('o best witli lii(, ('lli'VeS

for vchi('ti only the ground electron](" sllile ,_-(:l_x-)
is ex('iled.

('2) The s('liiter o1' llie points is too ]nrge to dis-
tinguish lielwetqi lhe correcled and trli('orre('iod
JBNI ('lll'VeS.

(;l) Ill 11i¢ rlilig(, 1,400 to 1,550 llligsli'Olli nnits

lhe ill]ill poinls filll ]iighor it]tin lilly or lho lhoo-
reticlil ('lll'VOs. This ('ou](I indicate lhe l)l'OSOll('O

O[' (,xlr'il alisorl)liorl duo to lhe prose)i(.o o1' iii'gon.
l [ Owi'v01', 1he rliplisIlr'(qii('ir i s of (__lirlili(' iiii(I

Viillg]illli ill i.470 ililgslr'oili lit]its (fig. 36) StlOW llO

hldi('lition of ltlly ('x[I'tL lll)sorl)lion. Also the wlive-

lenglhs used were Ioo |olrg to excite (,VPll (he lowesl

e×cite(I sllile of lil'gOli iX= ],04S llngstroin tl)iJls).

]ri Sliiie of lhis atisor'plion records were llik(,ll in

plll'e iil'gorl (,10ss [h_iir 0.1 1)or'oerrl ().., 1)y liiltilysis)

lit 1,500, 1,DD0, 1,G60, lind 1,700 tilr_sll'Orll nlrits

to che(']_ l'or lhe i)l'OSelr('o of lil)sori)tiorr jUillj)S.

None woro observed nt 1,6(i0 lin(l 1,700 Imgslrorn
rlilits, bill, i}leV were I)r(,s(,ill lit 1,500 lili(l 1,5,50

iliigsti'oin nnits. Fil.t'in'(' 37 s]iows ]he r(,('oi'd Oil-

ill]tied lit l,D50 ilrigslrOlll ruiils. The Jill]Ill (!ol'i'l,-

sport(is tO tho l)I'(,Sell('O of il})Ollt, 4 l)Ol'0011l. ()_, I)IlL

chenli('lil anlllvsis lit'('lrr'all, Io ±iLl i)Ol'('eilt;

showed no il'li('e of ii.

'Hie following ol)servations nl)olll, ]lie oxyg(,ll

results lifo t)llsed orr ilrl eXiilliililiiioIl O[ figure 34
liild Ui'(_ r('sl rh'io(l to wii.vohqiglhs llil'g(,l' lhuli 1,375

liligsl rOll] Illlil._:

(1) 'I'll,' l)(iints ii71'(,e tit,s( wiih (hi' (qll'V(,s ]'OF

whi('tl lh( eh,('t:roni(' sl_tlt,s lll'(' ill e(lliilil)l'hlili.

('2) Th' _('lilL(,r (if lilt' I)tiinls is It)() hti'gt, Io (lis-
lingnish !)olw(,i,li lh(' ('orr('vl(,d lilid Ilil('ol'rlq'l.p(l

IBXI ('111'_.(,s.

(3) Tli_'l'(' is rio inlli('lliion (if (,Xll'll lllis(irplion.

This l(,ntl._ I() i'/qliflir(_e lhl, sust)i('il)n lhtil lll'gOli

was resl)onsil)li, for ]he l)r(,vi(iuslv lil(,llliOliiql i,xl, rii,

lil)s()ri)tio: i.

(4) Wi h f(,w ex('(,l)iion.,+ lh(, lloinis fall ](iw llS

('Olii[)tir('(I wilh ille (h(,or(,ti('al ('lll'V/,S lllthough

lhev (hi ,-how Ill(' (,Xl)(,('te(l l('lllp('l'illlll'(' (h,t)en(I-

(ql('0. Einili('d light fr'olli ill(' sho('l<(,(I oxyg(,n
('orlld exl;liiin t]r(, (lis(q'eplin('y; I)ril, ]is WilS Iil(,ri-

li(ine([ ill the s(,('tion ill wlii('h Ill(, ('Xl)(q'ilil('lltill

rll(qlSIIl'('lit('ll[_ ill'(' (h,s('ril)(,(I, liO evi(h'n('(' lif

('lnill('d li=,'}tl wits ohs(,rv(,(I.

7I:290 °K; pi:3,47mm

/Ig,'1=8.48; TIT= 7,000°K

#
it)

t"
G)

t-

Record

Initial

pressure

Vacuum

Time --_
I:Z+_URE 37. Ill'COrd of al)sot'l)li:)i+ jump in purl, itrl_on.

X:: 1,550 angstrom nnils. Tiin(, I)n_,(. oil r(,('()rd i_ 10

mierosec( lids |)(,r c(,ntiin(,ier.
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BEST ESTIMATE OF _ AT HIGH TEMPEllATURE

A

The best-estimat(, values of Z: _lt high [(qnp('ra-

ture were tm,sed on the folh)wing ('onsi(hwations:

(1) Above 1,375 angstrom unils the ('orre('ted
IBM r(,sulls were ('onsid(,red to be the best (,st,i-

matt, of the hig'h-t(,ml)(,rnlure abSOrl)ti()tt ('oeili-

clout of oxygen.

(2) Below 1,375 angstrom unit_ (4nl)iri('ally

(h, ter,nin(,d ('urves ('orr(,Sl)onding to _" vnlu('s
int(,rme(]iat(, l)(,tw(,(,n the corr(,ct(,d am] mwof

r(,('t(,d IBM (,urv(,s w('r(, con_id(,r(,d to lw th(' l)('st,

('stilmtt('. Th('s(' ('uvv('s wer(_ drawn roughly

tmralM to the (_orv(,('t,(,,I IBM mv'v(,s nml bear

approxilmlt(,ly the same relationship 1o lh(' m(,as-
urod data as the (_uvvt,s nt wav(,h, ngths gv(,att,r

than 1,:';75 angstt'oJn units.

Values of k as fun<'lions of t(,Ini)(,ratur(' '111(1

wavelength are listed in lable [. B(,st-(,stimat(',

corr('cted, and uncorre(_ted values are given I)oth

for (_omphqe (q(,(_tronie excitation and for X(:_'-'_)

stab, ext'itation only.

CONCLUSIONS

A th(,oreti('al and (,xp(,rinwntal investigation of

the absorption coefficient, of mohwulav oxs'gt, tl al_

high t eml)erat.ur(_ led to the following ('otwlusions:
l. In aCCol'dan('(, with the customary behavior

of absorption ('oiflinua in (liatomi(' gases the peak
wdue of the al)sot'ption (.o(,tfi('i(,nt, d(,('r(,as(,s

with temp(,ra lure.

2. The tw(,adth of the nl)s()rl)tion peak im'rens('s

with t(qnl)('rntur(' so that at wav(%n_zlhs no! too
('los(, to the 1)('ak the nhsorption ¢'o(,tti('im_t in-

('reuses with l('mper_l.tur('. The l)roath,ning' also

exhm(ls the (.ontinuum to longer wavel(,ngths

than those fo.' whi('h al)sm'l)lion is ot>se,'v(,d nt

l'OOIl I [ ('Ill p('l'll.[ 111'('.

3. For wnvelt, ugihs longer t}mn 1,375 _mvstr,)m

units, the i(,ml)ernl,ure (h'l)('ndelwe nn(] wave-

h'n-'th (tist]'il,uiiot_ nv(' }>('st given by the results

of a (ligit'd-eomput(',' ('nhqdation whi('h has been
cort'(,(q('d for variation of the ('h'(+troni(_ it'ansithm

l),'olml>ilily with int('vm,('h'ar disian('e.

4. For wnveh,nglhs shorter than 1,375 ang'slrom

milts, the In,st vnhws of the absorption (.o(,flici(,nt,

,ll'C' giV('ll [)V eml)ivi(_al (!lll'V('S with shnl)('s d('-

termin(,d t)y lh(,orv and mag,fiiud(,s determined

by eXl)(,rim('nt.

5. For sh(wk w_tves ill ])m'(' oxygen the ol)s(,l'Ved

values of the _tl>sorl)lion coelli('ient imli(',lte that

eh,('trolfi(_ ex('itnti(m of oxygen is ('Oml)h'/_' im-
m(,(litmqv 1)ehiml the sho(.k front.

6. For shock waves in _ mixtur(' of l0 1)('r('('nl0

oxyg(,n in argon the ol)s('rv('d values of the nt)-

sorption (.o(,tli('i(,nl imii('ate that lh(, eh,('tvoni(;

stairs of oxyg(m ave unexcited inlmediat_'ly
I)(,hin(l l he sho('k front.

],AN(iI,FY [{I,;SEhRCI[ (_I,]N'I'Et{,

7N'ATI()NAI, AER{INAUTICS AND _PACE A1)MINI,'4TI{ATI(_N_

LAN_;LEY ]:IELI), VA , ,September 1,{, 1060.



APPENDIX A

PROCEDURE USED IN CALCULATING THE POTENHAL CURVE FOR B(sE;) STATE

Equation (8) shows that k/:E* is 1)roportional

to fi-_'_4,,.,/'. Since k and E* are known as

functions of X from room-lenq)erature data and

4,0 was calculated as a ftmetion of r from the

Morse potential, t_ relation between X and r, was

found I)3" comparing properly normalized plots of

k/E* against _ and 5-_;::_4,o2 against r.,.. The

following procedure describes how this was done:

(1) Two plots of kX/0_'X),,,,, against ? were

prepared. One was based on the data of Wata-

nabe, Zelikoff, and Inn (ref. 1), and the other, on

the experimentally determined absorption ettrve

given I)y 1)itchburn and tteddle (ref. 2). The

('urves found in this way are shown in figure 38.

(2) A plot of ('35 -1 :_4,j against r_ is shown in

figure 39. A wdue of (':_ was chosen to malie the

maximum ordinate unity. As shown in appendix

B, the use of a delhr function for tit(, upper-state

eigenfun('tion re(luires the integral in equation

(3) to vanish except for r--r_. Thus, r_ was

used in figure :39 rather than r.

(3) ('orresl)onding X,r_ pairs were tabulated by

finding ; and r_ for kX/(kX),a,,z=(ft.-_::_4,o'. A

separate tabulation was prepared for eae|! of the

experinlentnl absorption CIIFVeS of figlu'e 2:18.

(4) By adding to ; the energy of the initial

state as eah;uhtted from the Morse potential, the

poinls shown in figures 12 and 13 were found.

The II slate potential curve shown in figure 13 was

'°r

// Watanobe, Zelikaff, and Inn

2 _'_ ---- Odchburn and Heddle

O0 6t2 614 6_6 C_8 7.'0 712 X7._, 7.6X104
Wavenumber,"V,cm "1

t"I(;t'ItE 3S. -l{aiio kX,f(kX),,,= as :t ftmct.ion of ;.

;",6

detel'n: ined by fairing a curve through these points

and through the Rydberg-Klein-Rees points.
Note that it is assumed in this procedure that

ko(X) can be correctly calculated from a knowledge

of the initial-state wave functions and the upper-

state potential curve by using the reflection

method. Coolidge, James, and Present (ref. 19,

p. 203) point out that this assumption is not

strictly correct although it is a good approximation

for v":=0 (fig. 6, p. 204, of ref. 19). The most

serious error caused by using the reflection method

is a sLift of the peak of the distribution curw.

toward longer wavelengths. This shift is caused

by the fact that nlaxinaunl al)sorption ocem's when

the relative orientation of the initial and final

wave fmetions is such that the overlap integral

,jf_ 4,_,_dr is maximized rather than when the

turning point of the upper-state wave function

occurs at the same value of inWrnuelear (listanee

as the peak of the lower-state wave function.

Upon completion of the digital-computer eal-

e ulatioas based on the potential foun(t as just

deserit)o(t a plot of ('45 -j/a 4,o_hdr against G

was ad,led to figure 39. As before, the constant

was eh,)sen to make the maximum ordinate rarity.

The g(_o(l agreement with the plot of Cs5-'::_¢o:

:f
I

,.,4 ,16 ,,, ,_'o ,zz' ,.24'_G ,_a '130

:s

I"1(; rRE 39. The exl)r,,ssiotls ('35 -l%&'., :rod C45 t.s

(Lo )'chuCdr "is fttnctiInls of r.
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vtwilles that the reflection mt, thod is _l good al)prox-
imn tion for +," 0.

The t,wo ('ut'ves of figure 39 were used tog, ether

with the Watamdw, Zelil,:off, aml Iml curve of

figure 3S to plot the points shown in figure 14.

The curve of F* l)]otted qgninsl r,. shown in ligt,re

14 was deriw'd from lhe I¢ strife potential used in

MI the ('ah'tdalions n ml it is satisfying to observe

flint, the set of d_It._l l)oints based on tlt,,' digilnl-

('olnputer (mh'uhllions _/gr(,(,s wilh this ('urve

t)(,tter than (h) t h(, relhwtiotl data 1)oints, (,v(,n

though th(' dilr(w(,n(.e is ill most ('ns,.'s quil',' small.

APPENDIX B

DERIVATION OF EQUATION (8)

As was stale(| ill (,(luation (3), the at)sorl)tion

(,o(,tti('i(,m k,,,,(X) is I)rOl)ortionM t,o certain fit(>
tot's. The most i,nl)ortant of these is tim villr_t-

timml overlap integral .If,_ O,.,4bdr. t{el)la(_ing

ill(' _ fun('tion by a (l('lt_l fttnctiot_ located "tt the

turning point permits ill(, int(,grM to b(, (waluat(,d,

+,+[,°_4_,,,_d*'=4,,,, (r_), whet't' r,. is t h(' valuetll_lt, is,

of r at the turning point of Ill(, B state.
Nornmlized Morse fun(,tions were us('d for ob-

taining qS,,,,. It was not n(,(_(,ssat'v to normalize

tilt, d(,lt, a functions used to rephl(,(, ¢, 1)(,cause tim

normalization factor F for the _ function apl)ears

expli('itly in equation (3). The derivation of tht,

f,wt,o,' /v is given in al)pen<lix C. Substitution of

£oI+'=241.8917)t/45-11'_ and _,.,4bdr=qa+,,,(r,) into

equation (3) gives the following resull_ (eq. (8)):

_,,,,, (X)= Consl all[, 5- llal_,,q_+_ ,,, 2

where (241.8!t) 2 has been absorbed inlo the pro-

portimmlily constant, and tile whole equation has

heen divide(l by ,{'0-



APPENDIX C

DERIVATION OF NORMALIZATION FACTOR FOR ¢ WAVE FUNCTION

The fact that Ilankcl functions satisfy the
Svhr6dinger equation when I" is linear has already
been mentioned. The nornuflization fa('t_r was

derived 1)y"suitably comparing the ] [ankel function

sohition for ¢, wlfich is a good approximation

near the turning point, to the Wentzel-Kramers-
Brilhmin (WKB) solution (discussed in ref. 34,

p. 178), which is a good approximation every-
where except, near the turning point. Ttw

reasoning is as follows:

(1) Except for a constant, factor the asymptotic

tIankel amplitude is idcnti('al to tho WKB

amplitude for the same potential. I,et the
potential used for t ho WKB function depart front

a straight line at some point, distant from th(,

turning point and let it approach the dissociation

em,rgy of the B state its r approaches infinity.

Normalize the WKB amplitude to unit.y at intlnii v.
(2) The desired normalization factor is the

factor required to make the l[ankel amplitude

coincide wittl the normalized WKB amplitude in

the region where both are derived from a straight-

lira, potential.

(3) "Flit' value of the Hankol function at the

turning point is given as 1.074 in the tal)h,s used
(ref. 75) and this value was always used for the

value of _ at. the starting point h)r the integration
of equation (10).

(4) The wduc of _b at the turning point of a

Hankel fum'lion is (ref. 34, p. 183)

( ST-2_a'_ -l/fi

A(2i3)'I'2(3)-'I3 \- D"-/
¢(,'.J- __

r(2t3)

where a is the slope of the B state potentiM ('lil'Vt_

at the turning point.
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(5) ";('ttilig ¢'(r.0 equal to 1.074 gives

A 2.09226 X 105a 1t_I

(6) The asynll)totic Hank(,l anll)litud(, is

.fu= 1.731SA(_-b/2) -_:'= (l/2.41 St,l) a L.',_
a,l_(,.- r.,.)', '

wh(,ro

b= {(2v/h)[2#(E V')]':'-'},,,,

= (2_-th)[2 × l 0-_ua (r- r,)] "_

(See ref. 34, eqs. (28.16) and (28.17).) Th(,
HImkel function used is u++u - in Schitt"s nota-

tion. The factor 1.7318 is the Sliln of exp(--rd/6)
ti nd e:-:l.I( -- 57ri/6).

(7) l'he correspon(ting normalized WKB ampli-
tu(h' is

f _ 1.7318A(rrb/2) uz
wK.--;. .... _.--(bl'b_) 1,.,

1._ 31sA(Trb=/2)- '
%V]iOr( _

b_-: { (27rlh )[2_( E-- V') ]u2 } . ,o__ (2_/D)(2M72) _j_

fw_.=(b/b_)-,12=_ I(FE ll4
_'i_(r-r.0':*

(8) I'hc desired nornialization fa('tor is

F=fwK_/.f. = 241.,_9I_"/4 fi - ,i_

(9) gubsiitution of F into equation (3) gives

where (241.89) '-> has been absortmd into btie
COilst,a 11;(_.



APPENDIX D

A

MODIFICATION OF CALCULATION OF kii TO ACCOUNT FOR PRESENCE OF DISSOCIATION BEII1ND THE

SHOCK FRONTS

^

Tile cldculation of" k. was modified its follows

to account for tilt, i)resenct, or dissociation behilld

the shock front:

(1) Plots of S/'_ and (_ si,Mlar to those shown in

figures 29 and 30 were prt'i)ared for partially

dissociated mixturos. Oxygen vibration wits as-

sunt(,d to be fully excited.

(2) The dissociation rate of oxygen was (tom-

bined with t ht_ wtlues o1' T_r, _, stud (h,groe-of-

dissociation relations obtained from the figures

just, ntentioned to ealculat(' the state of tho gas

as l_ function of distance f'l'Olii the shock front..

Ttie raf0os used were obtained l'roln a sepsl_l'll_to

investigation hi which the ssl]llo l'OC'oi'(Is used for

the doterniination of tho at)sorplion ('o(,flicient

woro also luialyzt,d for iho dissocisHioit rate of

oxyKon.

(3) \Vliilo the shock wave was passing through

the light botun the tra(_o on the osoilloscop(_ rose

too rapidly to be re('oMt,d. Therefore, the ol)st,r_'ed

junlp in stl)sorption orl lli(_ record corrosl)onded

to the instant tht, shock wave left, the light bolllll.

(4) Sili('(_ t,ho Kits tiehind tho shock f'i'onl was

flowing in the dire('tion in which the slso('.k wll_ve

wits inovili g ttAld sit neil.rly tho salno si)(,od, the

gas witliin the l-ntillinl(,lor thieknoss of the light

bol_in was iiill_(l(, u 1) not oilly of ill(, glts originnHy

ttl(,t'(, but also of all the glts which was originally

in It (.onsideral)le length of the slioek tube preceding

the tosl soot, ion. The rslAio of those lenglhs was

closely related to, t)uf0 not: quite proport.ionlll to, tile

eOliil)rossion ralio iLCl'OSS the shock front.

(5) The 1-inillhneter dislance iinlnediil, toly be-

tihitl lhe shock fl'on_ was divided hito sevei'al

zones o]' UllOqnal widtts. Zolie widih was deter-

niinl,d so that, an oqulil liiiiotnl{, of dissocialion

oe('urrod in (qwti zono.

(6) Bost-i'slinlstt( _, vilhtt's of _ lllld itpl)ropriat.(,

vahi(,s of' 7'it, a, lind (lt,gi't't' of (tissoeiiltion vcere

used to (_Olill)Utt_ the light trll.nsnlission in each

zone tint| ll_ weighted average of tho caleu|attqt

light iI'llAlslnission i}ll'Ollgh the sliock-tube window

was olititinod t)v using the ZOllO widths sis weigh tin g

fa('tors.

(7) The wt'ighted sl.Vel'lIKo, light, t ransntission

was ('onipiu'od with transniission ('al('uliiAcd for

grildustily in(_roli._ing dissocilliion oii the lissunip-

lion of unif'orni gas I)rop(q'lios in the vOlUlile

defined t)y llie I)(_luii. Ttio vlihlos of Tit, o-, and

(|egrtw of dissociation for 1lie unit'orni saniph_

whicii gslvo tho SsLIlli! ll'suisniission its the woighh, d
A

ti.V(q'iiKO W01"0 usod for the oll|ctillltioii of ]_'ii in

equation (14).
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TABLE I.--TttE ABSORPTION COEFFICIENT OF OXYGEN AT SI,]I,ECTEI}
WAVE LI,_NGTHS AND TI']MPEI{ATUIIES

T, °K Absorption cocilicient I_ at-

i = 1,.I[)0A X = il,5,111,, ] X -- 1 1169A X = 1,7tIlbt i = 1,750Ak = 1,3()0A X = 1,350A k 1,4511A X = 1,470A X = X = 1,550A k = 1,6[}lL-'t [ [

]1(,st ('slillllJ.10; all stales excited

!
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1,0110

2, 01_1

3. I)(X)

4, I)00

5, 000

(1. D(X)

7,1)00

_. DIX)

9, [100

10, i)1)0

300

1, U(II}

2, 0(1(}

3,1J(11}

4. (}(X}

5.0(X}

11, iX}(}

7. I1(_}

8, 0(/0

(`},(RIO

11), 00l}

0

• 207

• 185
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• 13[)
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• 1181

• OrB

0.425 0. (`J_15

• 424 . ![37

• 41111 .811N

• 1t59 . t174

• 3(14 .559

• 251 .4611

• 21 ¢i .394

• 189 .335

• HiS .291

• 153 .255

• 1411 .227

11. N}5
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,5,_0

4',3

41/4

343

2!t6
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(k 9411

• 847

• I;711

. ,"_13
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• 332
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• 744 ;'}49 .351 . 181/ .104 .053
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0.425

• 420

.31x}

• 278
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• 436
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(}. 625
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• 362 .274

• ;328 .263
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• 182
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7', _ K

], (1()_)

2, (X)O

3, (X}I)

4, O(X)

5,001)

6, (X)O

7,000

F;. 001)

9,000

10, (X){)

31)()

i, OI)O

4, (_)H

5. I)0(I

I_, IXHI

7. I)0((

_. HO(I

9, (_HI

[I), IX_

3(X)

|, O(X)

2, (NXI

3. (XX)

4 ) (fiX)

5, (X)O

6, (XX)

7, 0(X)

,_, 000

9. [)HO

10. Ol)0

TE('IINICAI. RI,:P()IVP H 92--NATI()NAI. 3.1+'I{()NAU'II(_S AND SPACE AI)MINISTI,L,VI'ION

TAI_,IA: I. TIIE ABSOIH)TI()N (_()EH"I(?II_iNT ()1" OXY(;I']N AT SELE(_T],:I)

W.\VE I,EN(]THS .\NI) TEMPI'H{._TUP, ES (_onchtdPd

Ahsoridi(m eov[Ih i('nt l: at -

- + ....... +....... _ -+ .... I.........
X=I,300A k=I,35HA X=I,401)A ] X=I,150A X=I,470A _._1 5f)0A. i _k=l,5.sD,,_. I _=],I)IX)A I X=I,(iGi)A ] X=I,70i)A _=l,750A

I i t

Best l',_tilmd{'; XiJ't-) St_lh' ()Ill • t'xcih'(l

0 i), 425 I). 995

...... 424 .937

...... 41)1 . _'1)8
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• 21_ .32N . Z_',2

• 2lO .2s;6 . .5t)3
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• ] 69 • 2;!; _ .393
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• ] 18 . 1_7 . 2(`r2
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• (`')03
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• :")(`)( i

,5/)4
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• 389
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• _47
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• 375
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• 310

• 2X5

• 262

0. _22

• 7:14
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• 502

,43(,)

• 393

• 3M

• 323

• 2(`)4

• 272

• 25_

I1.5_3

, .549

,471

,417

• 37.5

• 313

• 316

• 2{,X)
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.249

.232

0.33;3

.351

.353

.337

31,5

292

273

25,5

23+.,

224

2If)
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• 1_(I

,229

.247

.246

,239
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.215

,2{)5

,19.5
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0. 061) 0. ()p4

• 11}4 .(153

,170 .112

.2O3 ,144

.2O3 . l(10

• 2I)3 .165

• 19_ . ] 65
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• lXl .1._

.175 .15.5

• 17o .151

I)

o

(l

II

0

t)

()

i 0

! o
o

t)

0. 216
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.2!)_
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• 350

• 3t3

• 332

• 31(;

• 3(X}
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• 273

t)-123 o. !)K,")

,4'.._1 .937

• 35(1 . ,_)_

• 2_7 ,6!X)
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• 20K • 5113
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• 157 .393

• 140 .354

• 126 .321

• 114 . '2i)2

0. 545 0, 862

• 557 . _24

• 55O .71)6

• 521 .6()_

• 4N3 .53 [

,445 .47_

.411 .433

• 3,',,;3 .397

• 35_ .366

• 335 .34(I

,315 •314

('orrt't'ted X 3Z_ St:l.h' o/fly ex('ih'<l

0. 995

• 9O8

.71.5

. .5(,)+i

• 7X)4

• 44O

.3_9

,350

,315

i .287

! ,262
i

0, 940

$47

670

47(,)

42;4

375

311)

310

285

262

0 N22

• 744

• 5,9t)

• 502

• 43!)

• 393

.354

• 323

• 294

• 272

• 258

(" Iworr('el e([;

I. (X)0 0. 970 0. 870

. !X)3 _70 . 7_1

.715 (;_L .621

• 592 567 • f¢24

• 514 491 .457

. 4.55 ,137 . 409

• 410 396 .372

• 373 359 . 341

• 343 331 .314

• 319 31)9

• 3(X) 2_7

I), 5_3

• 549

.471

.417

• 375

.3_,3

.31B

• 2iX)

• 2(_

• 249

• 232

0. 335 0. 135 0. 060

.351 . I_) .1414

.3.53 ,22!) . l 7(1

• 337 ,247 .2(13

• 313 .246 .203

2(,)2 .23(,) .2(13

273 . '2'2_ .1 !)_

255 .215 .190

23X .2(I.5 . IXl

224 .195 .175

210 , U'_ .170

3,'(:_t/! stt_,te on13 cxciled

__ _ _
I

0. 625 0. 370 ] 0. I f_

.5NN .387 .21)5

. _X)_ .3N7 .259

.447 .3H(`) .27(`)

.4011 • 3 t2 .27fi

,3(i3 .317 .2fi7

• 332 .295 .253

• 30_ . 277 . 239

• 2F;5 • 2fi(} . 226

• 2_) .2fi6 .243 .215

• 273 . 24_ • 227 • 20t

i 0.()18

• O53

112

. 1+14
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• Iris

• 1113

i ._r,4
• 15;')

i
' .151

t

O. 075 (}. 028

• 124 . I)fi(i

• 2(_) 13'_

.230 176

• 235 193

• 232 19H

• 226 196

.217 193

• 2(16 Ibi5
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